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Summary
Disk type electrical machines such as axial flux permanent magnet syn-
chronous machines (AFPMSM) are beneficial in electrical engineering ap-
plications that demand high power density, high efficiency, compact con-
struction, and very strict geometrical constraints. In electrical vehicles, disk
type motors with high efficiency can be used as “in-wheel” motor [1]. In
hybrid electric vehicles, disk type motors can be - thanks to their short ax-
ial length - inserted between the internal combustion engine and the gear
box [2]. In this thesis, the most common topology of an AFPMSM, i.e.,
the yokeless and segmented armature (YASA) is thoroughly investigated.
These machines have two rotors and one stator [3, 4].
Overheating is one of the main issues in the electrical machines, which
can tremendously degrade the lifetime and the performance of such devices.
Therefore, a sophisticated thermal model is required to predict the adverse
temperature rise within the materials in the machine. The main focus of
this thesis is on the fundamental understanding of the heat transfer factors,
including the rotational speed of the rotor, the air-gap size between rotor
and stator, as well as the shape of the Permanent Magnets (PMs). Con-
vection heat transfer is the main mechanism of heat transfer in this regard.
Therefore, the goal is to find an effective, fast and robust model for assessing
the heat transfer coefficients (HTC) for all the surfaces in the AFPMSM.
After the extensive survey of the relevant literature on the thermal mod-
eling of AFPMSMs, the first part of this research is related to the accurate
modeling of the heat transfer and fluid mechanics in the air-gap between
the rotor and the stator disk. Thus, a simplified discoidal system is mod-
eled through computational fluid dynamics (CFD). The objective is to find
fast and robust formulations to estimate the convective heat transfer coeffi-
cients that account for various values of the rotational speed of the rotor as
well as the air-gap distance. Contrary to the studies in the literature that
considered the ambient temperature as the reference temperature to define
the heat transfer coefficient, the average bulk fluid temperature adjacent to
the corresponding surface is used in this work. By doing so, the proposed
correlations are applicable for several working conditions, i.e., they are in-
dependent of the ambient temperature as well as the surface temperature
of the rotor and the stator disk. In order to predict the average bulk fluid
temperature, a linear correlation between the surface temperature of the
rotor, the stator and the cover is made. The unknown coefficients of that
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linear equation are found with the aid of the least squares method. Af-
terwards, the appropriate equations for the mean Nusselt number together
with the average bulk temperature for all the surfaces are given through
curve fittings. To check the validity of the proposed formulations, the re-
sults are compared with the available data in literature and good agreement
has been found. It is shown that, for a given Reynolds number, there is a
gap size ratio for which the average convective heat transfer of the stator
surface in the gap reaches a minimum. Moreover, it can be concluded that
the proposed correlation is a quite versatile tool for the thermal modeling
of disk type electrical machines.
Having known the flow pattern and the heat transfer in the simple rotor-
stator configuration, the next step is to find out the influence of the pro-
trusions at the rotor, resembling the PMs, on the thermal performance of
the rotor-stator arrangement in the YASA topology of the AFPMSM. The
case-study here is composed of an open rotor-stator with sixteen magnets
at the periphery of the rotor with an annular opening in the entire disk.
Air can flow in a channel being formed between the magnets (air-channel)
and in a small gap region between the magnets and the stator surface (air-
gap). The idea is to use the space in between adjacent rotor magnets as
cooling air-channels. The rotor disk with the magnets then behaves as a cen-
trifugal fan causing efficient air gap cooling. To construct the correlations,
CFD simulations are performed at the practical ranges of important non-
dimensional parameters including the gap size ratio, the rotational Reynolds
number, the magnet angle ratio and the magnet thickness ratio. Moreover,
the Frozen Rotor (FR) approach is employed to simulate the rotary mo-
tion of the rotor together with the fluid around it. Likewise the simple
rotor-stator system, it is crucial to make the correlations for the convective
heat transfer coefficients independent of the ambient temperature and also
surface temperatures. It is assumed that the reference temperature can be
written as a linear correlation between the surface temperature of the rotor,
the stator and the ambient temperature. To obtain the unknown coefficients
of this linear formulation, a minimization algorithm is applied so long as the
average bulk fluid temperature, used in the simple discoidal system, found
to be no longer useful here. It is realized that the proposed correlations can
strongly predict the convection heat transfer rates for all surfaces within
the machine at the practical ranges of the magnet geometrical parameters
and other significant factors. A more clear insight about the heat transfer
in the rotor-stator system in this type of electrical machine is presented. It
is demonstrated that the overall heat transfer improves significantly with
an increase in the magnet thickness ratio, whereas the opposite trend is
observed as the magnet angle ratio goes up. Moreover, the results reveal
that the stator heat transfer in the gap reaches a maximum for a certain
gap thickness.
Another issue that can be vital in the optimization of an AFPMSM is the
windage power loss. In order to be able to perform an overall optimization
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of such a machine, it is required to obtain fast equations to assess these
losses. In similar manner to derive the equations for the convective heat
transfer, a set of correlations for the windage power losses in an AFPMSM is
presented. Two categories of formulations are defined to make the windage
losses dimensionless based on whether the losses are mainly due to the
viscous forces or the pressure forces. It is concluded that the pressure forces
are responsible for the windage losses for the side surfaces in the air-channel,
whereas for the surfaces facing the stator surface in the gap, the viscous
forces mainly contribute to the windage losses. The parametric study is
also undertaken to find the minimal value of the windage losses in line with
the geometrical sizes of the magnets. The proposed correlations in this
section along those obtained for the convective heat transfer coefficients can
be very useful tools in the design and optimizations of this type of electrical
machine.
The next part of this thesis focuses on the influence of the curved-shape
PMs on the cooling air characteristics in the machine. As mentioned ear-
lier, the rotor disks with magnets forms a radial air-channel. To exploit
this effect further, the presence of the curved-shape magnets instead of the
conventional PMs with the trapezoidal shape is investigated. CFD simu-
lations are carried out to discover the thermal performance and the overall
windage losses according to various curved-shape magnets. To this end, the
conjugate heat transfer (CHT) analysis is undertaken to estimate the steady
state surface temperature of the rotor and the stator in the full load of the
machine. To get more insight about this problem, the experimental analysis
is conducted in this research, as well. To that purpose, several dummy ro-
tor disks with their distinctive curved-shape magnets are constructed. The
results reveal that using the curved-shape magnet of (1 = 2:5; 2 =  2:5)
can be advantageous for the thermal purposes, whereas the designer should
pay the penalty for the greatest windage losses. From an electromagnetical
point of view a curved-shape magnet will also have an influence on certain
design characteristics, such as the cogging torque (PhD thesis A. Hemeida
[5]). As a result, defining an optimal shape of the magnet on the rotor
disk represents a trade-off problem that should be solved by finding the
compromise between these factors.
The last chapter of this dissertation presents an overview of the major
findings and overall conclusion. Furthermore, final recommendations are
made towards future research.

Samenvatting
Schijfvormige elektrische machines, zoals permanente-magneetbekrachtigde
synchrone elektrische machines met axiale flux (AFPMSM) hebben gunstige
eigenschappen voor elektrotechniektoepassingen waar een hoge vermogens-
dichtheid, hoge efficiëntie, compacte bouw vereist zijn en er bovendien zeer
strenge geometrische beperkingen zijn. In elektrische voertuigen, kunnen
schijfvormige motoren met een hoog rendement worden gebruikt als ’in-
wheel”motor [1]. In hybride elektrische voertuigen kunnen schijfvormige
motoren - dankzij hun korte axiale lengte – worden gemonteerd tussen de
verbrandingsmotor en de versnellingsbak [2]. In dit proefschrift, wordt de
meest voorkomende topologie van zulk een machine onderzocht, nl. met
dubbele rotoruitvoering. Dergelijke machines worden ook “Yokeless and
Segmented Armature” (YASA) machines genoemd. Deze machines hebben
twee rotors en één stator [3, 4].
Oververhitting is een belangrijk aspect in elektrische machines, die de
levensduur en de prestaties van dergelijke machines kunnen beïnvloeden.
Daarom zijn geavanceerde thermische modellen nodig die de temperatuur-
stijging in de machine kunnen voorspellen. De focus van dit onderzoek is het
fundamenteel begrip van de convectieve warmteoverdracht in deze machines
en de invloed van operationele en designparameters zoals de rotatiesnelheid
van de rotor, de grootte van de luchtspleet tussen de rotor en de stator
en de vorm van de permanente magneet (PM). Het doel is om een snel en
nauwkeurig model te bekomen voor de bepaling van de warmteoverdrachts-
coëfficiënten van alle oppervlakken van de AFPMSM.
Na een literatuurstudie over de thermische modellering van AFPMSMs,
is het eerste deel van dit onderzoek gewijt aan een nauwkeurige modellering
van de warmteoverdracht en stromingsmechanica in de luchtspleet tussen de
rotor en de stator schijf. Een vereenvoudigd discoïdaal systeem met platte
rotor en stator wordt geanalyseerd door middel van numerieke stromings-
simulaties (CFD). Het doel is om snelle en nauwkeurige correlaties voor de
convectiecoëfficiënten te vinden als functie van de rotatiesnelheid van de
rotor en de luchtspleetafstand tussen de rotor en de stator. Verschillend
van de studies in de literatuur die de omgevingstemperatuur als referen-
tietemperatuur gebruiken om de convectiecoëfficiënt te bepalen, wordt de
gemiddelde bulktemperatuur naast het betreffende oppervlak gebruikt in
dit werk. Hierdoor zijn de voorgestelde correlaties toepasbaar voor ver-
schillende werkomstandigheden, d.w.z. ze worden op die manier onafhan-
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kelijk van de omgevingstemperatuur en de oppervlaktetemperatuur van de
rotor en de stator. Om de gemiddelde bulktemperatuur voorspellen, wordt
een eenvoudige lineaire correlatie tussen de oppervlaktetemperatuur van
de rotor, de stator en de behuizing gemaakt. De onbekende coëfficiënten
van die lineaire vergelijking worden gevonden met behulp van de kleinste-
kwadratenmethode. Daarna worden de vergelijkingen voor het gemiddelde
Nusseltgetal en de gemiddelde bulktemperatuur van alle oppervlakken gege-
ven door curve fitting. Om de geldigheid van de voorgestelde formuleringen
te controleren, worden de resultaten vergeleken met beschikbare gegevens
uit de literatuur en een goede overeenstemming werd gevonden. Er wordt
aangetoond dat voor een gegeven Reynoldsgetal er een luchtspleetafstand is
waarvoor de gemiddelde convectieve warmteoverdracht van het statoropper-
vlak in de spleet een minimum bereikt. Verder kan worden geconcludeerd
dat de voorgestelde correlatie een bruikbare tool is voor de thermische mo-
dellering van schijfvormige elektrische machines.
Met de kennis van het stromingspatroon en de warmteoverdracht in de
eenvoudige rotor-stator configuratie, is de volgende stap het analyseren van
de invloed van typische vormen van permanente magneten op de rotor op de
thermische prestaties van de rotor-stator configuratie van de AFPMSM. De
topologie die hier wordt onderzocht bestaat uit een open rotor-stator met
zestien magneten op de omtrek van de rotor en met een ringvormige opening
tussen de as en de magneten zodat lucht kan aangezogen worden. Lucht
kan aldus stromen in een kanaal gevormd tussen de magneten (luchtka-
naal) en een kleine luchtspleet tussen de magneten en het statoroppervlak.
De rotorschijf met de magneten gedraagt zich dan als een soort centrifu-
gale ventilator met efficiëntere luchtspleetkoeling. Om correlaties te con-
strueren worden CFD simulaties uitgevoerd over een praktisch bereik van
belangrijke dimensieloze parameters zoals de luchtspleetratio, het rotatie-
Reynoldsgetal, de magneethoekverhouding en de magneetdikteverhouding.
De ‘Frozen Rotor’ (FR) techniek wordt toegepast om het draaieffect van
de rotor in rekening te brengen. Zoals in het vereenvoudigd discoïdaal sys-
teem met platte rotor en stator is het noodzakelijk om de correlaties voor
de convectiewarmteoverdrachtcoëfficiënten onafhankelijk van de omgevings-
temperatuur maken en ook oppervlaktetemperaturen. Aangenomen wordt
dat de referentietemperatuur kan benaderd worden door een lineair ver-
band tussen de oppervlaktetemperatuur van de rotor en de stator en de
omgevingstemperatuur. Om de onbekende coëfficiënten van dit lineair ver-
band te verkrijgen, wordt een minimalisatie-algoritme toegepast aangezien
de werkwijze met de gemiddelde bulktemperatuur, die voor het eenvoudig
discoïdaal systeem gebruikt werd, hier niet meer bruikbaar bleek te zijn. De
voorgestelde correlaties blijken zeer goed de convectieve warmteoverdracht
te voorspellen van alle oppervlakken in de machine in het praktische bereik
van de geometrische parameters en andere belangrijke operationele para-
meters. Een duidelijker inzicht werd ook bekomen in de warmteoverdracht
van het rotor-stator systeem in een dergelijke elektrische machine. Er is
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aangetoond dat de totale warmteoverdracht aanzienlijk verbeterd met een
toename van de dikteverhouding van de magneten, terwijl det tegenover-
gestelde trend werd waargenomen als de hoekverhouding van de magneten
stijgt. Bovendien laten de resultaten zien dat de warmteoverdracht van de
stator in de spleet een maximum bereikt voor een bepaalde dikte van de
spleet.
Een andere invloed die van belang is in de optimalisatie van een AF-
PMSM, is het vermogensverlies door de luchtcirkulatie. Om een globale op-
timalisatie van zo’n machine mogelijk te maken, is het nodig om snelle corre-
laties te bekomen om deze verliezen te beoordelen. Op gelijkaardige manier
als werd gedaan voor de correlaties voor de convectieve warmteoverdracht,
worden een reeks correlaties voor het vermogensverlies door luchtcirkula-
tie in een AFPMSM voorgesteld. Twee soorten dimensieloze formuleringen
worden gedefinieerd afhankelijk van het feit of de verliezen voornamelijk
te wijten zijn aan viskeuze krachten of aan drukkrachten. Geconcludeerd
wordt dat de drukkrachten verantwoordelijk zijn voor de verliezen voor de
zijvlakken in het luchtkanaal, terwijl voor de oppervlakken parallel aan het
statoroppervlak in de spleet, uiteraard enkel de viskeuze krachten bijdra-
gen aan de verliezen. Een parametrische studie werd ook uitgevoerd om
de invloed van geometrische afmetingen van de magneten op deze verliezen
te kunnen begroten. De voorgestelde correlaties in dit gedeelte zijn net als
die voor de convectiecoëfficiënten nodige input voor een globaal ontwerp en
optimalisatie van een dergelijke elektrische machine.
Het volgende deel van de thesis richt zich op de invloed van een ge-
kromde vorm van de permanente magneten op de koelingseigenschappen in
de machine. Zoals eerder vermeld, vormt een conventionele rotorschijf met
magneten een radiaal luchtkanaal. In dit gedeelte wordt de invloed van een
gekromde vorm van de permanente magneten onderzocht. CFD simulaties
worden uitgevoerd om de thermische prestaties en de luchtcirkulatieverlie-
zen voor diverse gebogen vormen van de magneten te begroten. Hiertoe
wordt een analyse met gekoppelde warmteoverdracht in het materiaal en in
de lucht gebruikt om de stationaire oppervlaktetemperatuur van de rotor
en de stator in vollast van de machine te bekomen. Om meer inzicht te
krijgen over dit probleem, wordt ook een experimentele analyse uitgevoerd.
Daartoe worden verschillende rotorschijven met dummy magneten met ge-
kromde vorm geconstrueerd. Uit de resultaten blijkt dat het gebruik van
de gekromde vorm van de magneet (1 = 2:5; 2 =  2:5) het meest gunstig
voor de koeling is, terwijl deze keuze wel de grootste luchtcirkulatieverlie-
zen geeft. Uit elektromagnetisch standpunt heeft een gekromde vorm van
de permanente magneten ook een invloed op design parameters zoals bv.
het ‘cogging’ koppel (Phd thesis A. Hemeida [5]). Bijgevolg is de bepaling
van een optimale vorm van de magneet op de rotorschijf het vinden van een
compromis tussen deze factoren.
In het laatste hoofdstuk van dit proefschrift wordt een overzicht gegeven
van de belangrijkste bevindingen en de algemene conclusie. Verder werden
xvi Samenvatting
aanbevelingen gedaan voor toekomstig onderzoek.
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Introduction
1.1 Background
Electrical machines are devices which convert mechanical energy into elec-
trical energy or vice versa. These machines consume more than half of the
global electricity produced and this trend is ever increasing [6]. They are
quite common in the modern societies with their extensive applicability such
as in power stations, fans, mixers in food industry, blowers and pumps, hy-
brid electric vehicles and so forth. More importantly, electrical machines
have been commonly used in the wind turbine industry as the major source
of the clean and sustainable energy. Thus, any improvement in the electri-
cal machines can substantially impact the renewable energy development.
In this way, society would find an alternative for the fossil fuels and solve
some main issues like the climate change and the shortage of the energy
resources. Besides that, electrical machines are environment-friendly, clean,
rather cheap and very efficient. Therefore, these can be the answers to the
question ”Why are electric machines so ubiquitous in modern daily life?”.
After the invention of the electrical machines in mid 19th century -
thanks to the dedicated scientists Michael Faraday, Nikola Tesla and other
pioneer researchers - the emergence of the permanent magnets (PM) at
1980s has revolutionized the design of rotating electrical machines. To
make PM machines commercially viable, optimizations with the aid of com-
puter simulation have been performed in the past few decades. This has
resulted in the electromagnetic behavior of PM machines becoming very
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well-understood. In contrast to this, less attention has been paid to the
thermal study of the electrical machines.
The design of the cooling system in the electrical machines is of equal
importance as the electromagnetic design of the machine, inasmuch as the
temperature rise of the machine determines the maximum allowable output
power [6]. In addition to that, the accurate management of heat trans-
fer becomes more significant in the modern electrical machines such as an
axial flux permanent magnet synchronous machine (AFPMSM) due to the
compact construction, and very strict geometrical constraints.
In this research, the goal is to provide a comprehensive knowledge of the
fluid mechanics and more in-depth insight into the convective heat transfer
in an AFPMSM. The idea is to present a more systematic approach such
as defining scaling laws for the geometry, i.e., a set of correlations to deter-
mine the thermal and fluid mechanics aspects according to the governing
geometrical and physical parameters of such a machine.
1.2 Axial Flux Permanent Magnet Synchronous
Machine
There are several ways to classify the electrical machines. In line with
the direction of the magnetic field, for instance, there are three distinct
categories of the electrical machines, namely the transversal flux, the radial
flux and the axial flux electrical machines. The latter, which is the subject
of this research, directs the magnetic field axially across the air-gap between
the rotor and the stator (see Fig. 1.1).
The basic operation principle of an AFPMSM is similar to the one of
radial flux PM machines. The PMs, which are mounted on the surface
of the rotor, produce a magnetic field. As adjacent permanent magnets
are alternately magnetized, they generate a pulsating magnetic field that
crosses the air-gap to the stator and returns back again to the rotor in a
stationary mode. When an external force rotates the rotor disc with respect
to the stator, a time varying magnetic flux is generated in the stator teeth.
The time variation in the magnetic flux induces a back electromotive force
(EMF) in the stator windings. This back EMF produces a current in the
connected load. In this case, the AFPMSM acts as a generator. In motor
mode, an external imposed current leads to a magnetic field that interacts
with the one produced by the PMs and results in a rotation of the rotor.
In this case electric power is transferred into mechanical power, available at
the shaft of the machine. [5]
In contrast to the radial electrical machines, the axial flux permanent
magnet machines have the following advantages [7]:
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AFPMSM with two rotors on both sides of the stator (front rotor removed for clarity) 
Magnets 
Rotor back iron 
Epoxy structure 
for mechanical 
stiffness 
Windings 
Rotor  
Stator teeth in 
laminated steel 
Stator 
Figure 1.1: AFPMSM with two rotors on both sides of the stator (front rotor
removed for clarity) [7].
• AFPMSMs have a compact design construction and usually take less
space than the radial machines. Thus, they are very suitable for the
applications where the axial length of the machine is limited.
• They have a high energy efficiency (about 95 %) as well as an excellent
power density. Chen et al. [8] performed a comparative study between
different types of radial and axial flux machine for wind turbine ap-
plications. They demonstrated that at the power levels ranging from
1 kW to 200 kW, the axial flux machines have a smaller volume for a
given power rating, making the power density very high as compared
to the radial flux machine.
1.3 Yokeless And Segmented Armature Topol-
ogy
There exist several topologies of AFPMSMs. In this research, a yokeless
and segmented armature (YASA) is taken into consideration. The YASA
topology, which is sometimes called the segmented armature torus (SAT),
is the common variant of the stator-rotor arrangement in the AFPMSM,
shown in Fig. 1.2. This topology is made of a single stator placed between
the two rotor disks. The paths of the magnetic flux in the YASA topology
of the AFPMSM is indicated in Fig. 1.3.
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Figure 2.3: Schematic presentation of the single stator double rotor axialFigure 1.2: Schematic diagram of the YASA topology of an AFPMSM. 1) Stator,
2) rotor, 3) permanent magnet [7].
NN
N
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SS
Stator core
Rotor core
Figure 1.3: Schematic representation of the path of magnetic flux in YASA
machine [5].
1.4 Applications of AFPMSMs
AFPMSMs are being used in various applications in recent years. Some
examples of the main existing applications of these machines are listed below
along with the machine operating speed:
• Electric and hybrid vehicles: Lamperth et al. [9] used an AF-
PMSM for heavy-duty hybrid and electric vehicle applications with
the power density of 1.8 kW/kg and the efficiency up to 96 % at 3600
rpm.
• High-speed generator driven by a gas turbine: Pullen et al.
[10] investigated the application of a multi-disk AFPMSM in a high
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speed portable gas turbine for 10, 30, 50 kW at 60,000 rpm.
• Renewable energy: Bumby and Martin [11] designed an AFPMSM
for a vertical axis wind turbine. Their prototype was capable of pro-
ducing 1 kW at 300 rpm and 2 kW at 500 rpm.
• Pumps: Caricchi et al. [12] used an AFPMSM in a pump with the
power of 880 W at 2800 rpm.
1.5 Thermal issue in AFPMSMs
Likewise all kinds of electrical machines, the generated losses in an AF-
PMSM manifest themselves as the production of heat. This leads to an
adverse temperature rise within the materials, which is detrimental to the
performance of the machine and causes overheating. In fact, the overheating
of the machine brings about some problems such as:
• Demagnetization occurs in the magnet as the temperature exceeds the
critical value (e.g. Tc = 150C for SH type NdFeB magnets) [7].
• The resistivity of the copper winding in the stator goes up with tem-
perature (about 0.4%/K) and it negatively affects the efficiency of the
machine [13].
• The designer should provide excessive cooling through the external
fan, resulting in an extra energy consumption, which in turn decreases
the energy efficiency.
• The excessive heat could reduce the lifetime of the insulation materials
in the stator winding.
Apart from the above mentioned drawbacks, different individual losses terms
(copper loss, iron loss, losses in magnets, windage loss and etc) in the ma-
chine are always a function of temperature. This means that the surface
temperature distribution should be known in order to compute the ma-
chine’s efficiency accurately. This requires an accurate and reliable thermal
model of AFPMSMs. This model needs to be capable of predicting the
required cooling to maintain both a long life time and a high reliability of
such machines.
The cooling of the AFPMSM can be achieved either by water or air.
The usage of water has some advantages. As the thermal capacity of water
is greater than air, water cooling can be more compact. However, possible
water leakage presents an unacceptable safety risk. Therefore, the provision
of cooling by air is much more convenient and useful, and therefore it is the
subject of this research.
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1.6 Research goals
In order to design the AFPMSM, the objective function should be defined
in such a way to maximize the energy efficiency and the power density.
This means the losses in the machine, e.g., the electromagnetic losses and
the windage losses needs to be minimized. In general, these losses manifest
themselves as the production of heat. The operating temperature of an
electrical machine can be controlled by balancing between heat generated
and heat removal rate. Controlling the machine operating temperature is
crucial, in order to avoid overheating which was discussed in the preceding
section. This means the maximum attainable temperature in the machine
is a design constraint that limits the power density. As a consequence, it
is imperative to have a sophisticated thermal model to predict the surface
temperature in such a machine.
Since the losses in the machine are usually temperature dependent, a
fully coupled model for thermal and electromagnetic analysis is required,
allowing complex optimizations to be undertaken. The main purpose of
this thesis is to formulate the convective heat transfer coefficients in the
AFPMSMs. These correlations are used as an input to the coupled model
developed by Hendrik Vansompel [14], and also to a lumped parameter
model in the PhD thesis of A. Hemeida [5].
As a result, the current research aims to address the following objectives:
• Firstly, the overall understanding of the convective heat transfer in a
simple rotor-stator system is studied. This can provide a clear view
about the air-gap convection in the real machine. A thermal model
is presented, to predict the convective heat transfer coefficients for
surfaces in the air-gap, as a function of the rotational speed of the
rotor, disk diameter as well as the air-gap size. The reference tem-
perature should be chosen in such a way that the correlations for the
heat transfer coefficients become generally applicable.
• Secondly, the impact of the presence of the PMs on the convective
heat transfer is investigated. The objective is to construct a set of
correlations for the convective heat transfer coefficients, as a function
of various various physical and geometrical parameters, including the
magnet angle, magnet thickness as well as the gap size, the rotational
speed of the rotor and the surface temperatures.
• Similar to the convective heat transfer coefficients modeling, a set of
correlations for the prediction of windage power losses in the current
AFPMSM will be developed. These fast and robust formulations will
facilitate the optimization of the machine.
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• At last, the influence of the curved-shape magnets at the rotor disk
on the performance of the AFPMSM is investigated. The goals are
to predict the impact of using curved magnets on the rotor and sta-
tor temperatures and to validate the accuracy of the prediction with
experimental results.
1.7 Outline
Aside from this introductory chapter, the structure of this thesis consists of
the following parts:
• Overview of the scientific literature
• Flow and heat transfer in a simple discoidal configuration
• Convective heat transfer modeling in an AFPMSM
• Windage power losses modeling in an AFPMSM
• Effects of the curved-shape magnets on the performance of an AF-
PMSM
• Overall conclusions and future perspectives
Chapter 2 provides a concise overview of the literature for the thermal
aspects of the disk-type electrical machines. The state-of-the-art research
for the thermal modeling in the AFPMSMs is explained in detail.
Chapter 3 deals with the CFD simulation of a simple rotor-stator sys-
tem enclosed in a cylindrical cover. The different types of the flow patterns
occurring inside the air-gap between the rotor and stator are classified.
Moreover, the parametrized correlations to fully predict the convective heat
transfer for all surfaces within this system are presented, according to dif-
ferent values of the gap size ratio and the rotational Reynolds number. The
reference temperature is defined in such a way that the predicted convective
heat transfer coefficients become approximately independent of the surface
temperatures. The application of these correlations in the coupled electro-
magnetic and thermal study of an AFPMSM is also discussed. To achieve
this, a strong collaboration with a doctoral dissertation done by A. Hemeida
[5] has been established.
Chapter 4 presents formulations to assess the average convective heat
transfer in an AFPMSM. CFD simulations are performed for an open rotor-
stator system considering the essence of the magnets on the rotor disk. A
minimization algorithm is employed to assess the reference temperature
instead of using either the average bulk fluid temperature or the ambient
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temperature. The effect of the magnet geometrical parameters on the overall
heat transfer within this configuration, especially at the stator disk of the
machine are presented.
Chapter 5 introduces a set of correlations for the windage power losses
in an AFPMSM, based on the CFD simulations. Two categories of for-
mulations are defined to make the windage losses dimensionless, based on
whether the losses are mainly due to the viscous forces or the pressure forces.
Also, the overall windage losses in the machine are calculated according to
the geometrical parameters of the magnets.
Chapter 6 discusses the influence of the curved-shape magnets on the
thermal performance and windage losses in the machine. To that end, CFD
simulations along with an experimental analysis are undertaken.
Chapter 7 concludes this research and provides some thoughts and
recommendations for future perspective of the efficient cooling system and
thermal performance of an AFPMSM.
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Literature review
2.1 Introduction
This chapter presents an overview of studies undertaken on thermal as-
pects of the disk-type electrical machines. The different approaches for
the thermal analysis of AFPMSMs, namely numerical models, experimen-
tal techniques and lumped parameter methods are elaborately explained.
Moreover, the previous work on the windage power losses modeling in this
type of electrical machine is discussed. Since the air-gap convection plays
an important role in cooling of AFPMSMs, a detailed review of preceding
studies on the flow and heat transfer characteristics in rotor-stator systems
are also described in more detail.
2.2 Thermal modeling of AFPMSMs
The aim of the thermal modeling is to predict the temperature distribution
within the machine. To achieve this, distinct ways have been used in the
literature including:
• Numerical modeling
• Experimental analysis
• Lumped parameter method
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The state-of-the-art research in each of the aforementioned parts will be
discussed in detail in the following sections.
2.2.1 Numerical modeling
Over the past decade, the numerical modeling including computational fluid
dynamics (CFD) and finite element (FE) analysis are being increasingly
applied to investigate the thermal design of electrical machines [26–31]. In
this sense, Huai et al. [32] accurately predicted the temperature rise in
an electric induction motor using the FE methodology. They showed that
the highest temperature occurs in the end winding area (about 100C) and
found good correspondence between numerically predicted and experimen-
tally measured temperature in this region.
Marignetti et al. [33] developed a FE method to simulate the flow in
the air-gap of an AFPMSM. Only the air flow confined in the gap region
was taken into consideration, and empirical equations for convective heat
transfer towards the environment for the outer surfaces have been used
in order to expedite the proposed thermal model. In another paper by
Marignetti and his colleague [34], an axisymmetric 2-D model with a swirl-
flow formulation was used to model the airflow inside an AFPMSM. It
was indicated that the FE results for the rotor temperature is lower than
the measured value as the influence of slot harmonics was neglected in the
simulations.
Airoldi et al. [35, 36] performed CFD simulations of all the rig com-
ponents and the air inside it in an AFPMSM. There were six magnets on
the rotor disk and due to system periodicity only one complete magnet was
modeled. The Multiple Reference Frame (MRF) method has been used
to consider the rotation of the generator’s components and the cooling air.
They also used the realizable k  turbulent model. It was shown that there
exists a significant region of reversed flow inside the running clearance which
reduces the peak temperature on the stator disk.
Seghir-Oualil et al. [37] investigated the thermal behaviour of a syn-
chronous motor with permanent magnets using CFD simulations along with
a lumped parameter method. Three different cooling solutions were intro-
duced. Firstly, in order to decrease the magnet temperature in a significant
way, the interior of the rotor was equipped with longitudinal fins. Secondly,
the use of an auxiliary pipe into the rotor operating as a heat exchanger
was found to maintain the magnet temperature far from the critical tem-
perature. Finally, the utilization of thermal bridges for the end-winding
cooling could improve the heat transfers and this lowered the end-winding
temperature. The authors suggested that the implementation of these cool-
ing solutions limits the temperatures of the whole machine far below the
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critical values.
Kolondzovski et al. [38] presented a new approach for thermal design of
a high-speed permanent magnet (PM) machine. A numerical-multiphysics
method was used which coupled computational fluid dynamics and heat
transfer equations. The flow and temperature field of the cooling fluid were
simulated using COMSOL Multiphysics software in a 2-D axisymmetric do-
main. On the other hand, the temperature distribution in the solid domain
of the machine was estimated with a 3-D finite element thermal model. The
temperature and flow field information from the 2-D method were used to
define boundary conditions for the 3-D thermal model. They reported that
the proposed technique allows a rough estimation of the local temperature
distribution with a minimum amount of computational resources.
Chon et al. [39, 40] developed CFD methods for a NGenTec axial flux
permanent magnet prototype generator operating at 100 rpm to understand
the thermal performance of the machine. Their CFD model consisted of
multiple solid and fluid regions comprising the coils, epoxy, fins, permanent
magnets, rotor and air. The MRF approach was used to model the motion
of the rotor for time-averaged steady-state flow and conjugate heat transfer.
The energy losses in the stator were the inputs for CFD thermal modeling
since they were dissipated as heat. It was perceived that convective heat
transfer dominates the cooling process in the generator because of the strong
air motion through the machine when the rotor is rotating.
Sarrafan and Darabi [41] estimated the steady state temperature distri-
bution in an AFPMSM using FE method. The cooling system consisted of
heat pipes with water as the working fluid. They showed that the stator
core temperature reaches up to 135C, while the rotor core temperature
could be around 80C.
Kahourzade et al. [42] undertook the CFD simulation of an AFPMSM
and discovered that the heat generated in the windings transfers to the
stator through conduction and is then conducted to the motor’s body where
the body surface cools down by the ambient air. As shown in Fig. 2.1, the
difference between the coolest and the hottest spot on the stator surface is
approximately 12C, while it is about 4C for the rotor disk. Furthermore,
the maximum temperature of 87C took place in stator areas, in particular,
adjacent to the winding coils.
Another numerical study on the air-cooled disk-type electrical generator
has been carried out by Moradnia and his colleagues [43–45]. They have
used two numerical approaches, a fully predictive approach in which the
flow is simulated independently of the experimental results, and another
approach with inlet and outlet boundary conditions, specified from the ex-
perimental data. It was concluded that a fully predictive simulation gives
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(a)
(b)
Figure 2.1: Temperature (K) contour for both rotor and stator of the motor
representing the thermal distribution (a) Stator (b) Rotor [42].
more accurate results for the pressure coefficients at the stator cooling chan-
nel. The comparison between different pole and stator geometries indicated
that the addition of stator baffles helps to increase the volume flow in the
generator and removes the outward velocities at the inlet.
Recently, Polikarpova et al. [46] examined the influence of potting of
the stator on the thermal behavior of an axial-flux generator with one-
rotor-two-stator topology. A liquid cooling system has been applied on the
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Figure 2.2: Indirect stator cooling system [46].
stator frame, and the potting material in the end-winding region is thermally
connected the end winding to the housing heat sink, as illustrated in Fig.
2.2. Simplified thermal models based on CFD were used to analyze the
temperature distribution through the machine. The volumetric heat losses,
shown in Table 2.1, were utilized as the input data for the 3-D CFD model.
The temperature results of the simulation for 75% load is listed in Table
2.2. They reported that the calculated temperatures of the machine with the
proposed cooling solution are below the thermal constraints of the magnets
and the winding insulation, and therefore, provide reliable and long-term
operation.
Table 2.1: Heat losses generated within the machine parts at 75% load [46].
Machine Part Heat losses (W) Volumetric heat losses (kW/m3)
Stator iron 675 196
Copper winding 1114 230
Rotor iron 150 168
Permanent magnet 225 273
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Table 2.2: Calculated temperatures at 75% load [46].
Machine Part
75% load nonpot-
ted stator tempera-
ture (C)
75% load potted
stator temperature
(C)
End winding air gap side 136 132
End winding, frame side 136 132
Slot winding 138 135
Air gap 120 115
Stator iron 120 110
Rotor iron (laminate) 103 95
Rotor magnets 103 95
2.2.2 Experimental analysis
In order to apply the numerical models for the thermal analysis in AF-
PMSMs with reliability and confidence, it is necessary to carry out an
experimental validation. The AFPMSMs have compact construction that
demand very strict geometrical constraints. This not only results in the ex-
perimental study becoming very expensive, but it also becomes extremely
difficult to construct the set-up test itself. For this reason, the number of
experiments on the thermal performance assessment of the AFPMSMs are
very limited.
Nevertheless, Wang et al. [47, 48] constructed a prototype of an AF-
PMSM. The machine was set up with a discharge duct. Along one side of
the duct, several tapping points were made for evaluating the static pres-
sure with a manometer. Near the outlet of the duct, a provision was made
whereby the velocity was measured using a hot-wire anemometer probe.
The static pressure difference 4p was measured as a function of volumetric
flow rate (Q = Av) for different motor speeds varying from 200 to 1400
rpm.
Scowby et al. [49] experimentally evaluated the thermal performance of
an AFPMSM. The prototype, which is shown in Fig. 2.3, has a diameter
of 860 mm, an axial width of 105 mm and a power rating of 300 kW at
2300 rpm, operating at an energy efficiency of 95%. They showed that the
theoretically predicted pressure and mass flow rates agree well with mea-
sured values. They reported that the rotor hub’s straight blades determine
the flow rate through the machine and also result in relatively large energy
losses.
Lim et al. [50] conducted an experiment to assess the convective heat
transfer coefficients in an AFPM generator (1.5 kW & 1500 rpm) at the
range of rotational Reynolds number (Re = !R2 ) from 0 to 2  106 and
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Figure 2.3: Transparent model of the AFPMSM [49].
the non-dimensional flow rate (Cw = QR ) of 0 to 11000 where the gap
size ratio (G = GR ) was kept fixed at 0.016. The measured data showed
a linear dependency between the non-dimensional flow rate with the rotor
rotational speed. CFD simulations were also performed. It has been shown
that by overlooking the effect of the natural convection, the CFD model
under-predicts the surface heat transfer coefficients on the stator disk. In
fact, due to the large size of the scaled-up rig, natural convection played a
significant part in the heat transfer and this had to be compensated for in
the forced convection heat transfer coefficient calculations.
Camilleri et al. [51] experimentally investigated the heat transfer coef-
ficient (HTC) in an oil-cooled electrical machine with a segmented stator
using double layered heat flux gauges. The Seider-Tate equation for the
laminar flow in a short pipe was used to compare with their experimental
results:
Nu = 1:86(Pr:Re)0:33(Dh)
0:33(
b
w
)0:14 (2.1)
where b & w represent the fluid viscosity at the bulk temperature and the
wall temperature, respectively. They concluded that the existing laminar
correlations i.e. the Seider-Tate correlation for the laminar flow in a short
pipe under-predicts the values of the heat transfer coefficient when applied
to the settings of a directly oil cooled electrical machine. Instead, they fitted
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new correlations from the experimental data as,
Nu = 25:12Re15:407 (2.2)
Pyrhönen et al. [52] manufactured a tooth-coil AFPM prototype gen-
erator with 75kVA target power having 12 stator slots and 10 poles to elu-
cidate the thermal performance of the machine. The thermal conductance
was improved by using copper bars as extra heat carriers in the construc-
tion and by using high-conductance potting material in the end windings
of a liquid-jacket-cooled machine. Furthermore, potting of the stator of the
axial machine could reduce the temperatures of the machine in an efficient
way. The authors emphasized that axial-flux machines are quite vulnerable
to overheating problems.
2.2.3 Lumped parameter model
Another approach for the thermal modeling of electrical machines is the ap-
plication of the lumped parameter (LP) method [53–59]. In this technique,
the electrical machine is split into a number of lumped components (or con-
trol volumes), which are connected to each other in the calculation scheme
through thermal impedances to form a thermal circuit. The LP methods
are known for their simplicity, quickness and acceptable level of accuracy.
As a result, they can be a feasible alternative to the CFD modeling as well
as the experimental analysis of AFPMSMs.
Numerous researchers have used LP thermal models to investigate the
thermal performance of disk-type electrical machines. Hey et al. [60, 61]
developed a hybrid LP and finite difference model to study the heat transfer
process in an AFPMSM. Their results revealed that the model is able to
predict the temperature of the machine within the acceptable experimen-
tal error margin. The simplicity of the mathematical model, used in the
hybrid model allowed for fast computation which is essential for transient
temperature prediction.
Lim et al. [62] used a 2-D (radial and axial directions) LP model which
provides the steady state solution of temperatures within axisymmetric
single-sided, slotted axial flux permanent magnet generators. The solid
components and the internal air flow domain of the machine were split into
a number of interacting control volumes, representing by thermal resistances
and capacitances, shown in Fig. 2.4. The results have compared with the
CFD and the experimental models in Fig. 2.5. The predicted temperatures
from the LP model were slightly higher than the experimental ones. They
demonstrated that in order to calculate the outlet air temperature accu-
rately through the LP model, the results of the convective heat transfer
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Figure 2.4: (a) Simplified single-sided slotted axial flux generator and (b) the
corresponding lumped parameter thermal circuit [62].
coefficient from CFD model should be used instead of the empirical correla-
tion reported by Owen [63]. In fact, Owen [63] provided an approximation
solution for the flow between a rotating and a stationary disk, which relates
the stator side average Nusselt number to the volumetric flow rate Q by the
following equation,
Nu =
0:333Q
R
(2.3)
Rostami and his collogues [64] implemented the thermal analysis of a
5kW AFPMSM by means of a LP thermal method. As illustrated in Fig. 2.6,
the geometry of the machine was subdivided into 13 elements with equiva-
lent lumped-parameter blocks. All heat transfer mechanisms, namely con-
duction, convection and radiation, were included in the T-equivalent LP
method. The empirical correlations reported by Sahin [28] have been used
for the air-gap convection. It was shown by Sahin [28] that the mean Nusselt
number in the air-gap can be defined by he gap Reynolds number Res = vs
and the corresponding Taylor number Ta = (Res)2 sR as follows,
Nu =
8<: 2 if Ta < 17000:128Ta0:367 if 1700 < Ta < 104
0:409Ta0:241 if 104 < Ta < 107
9=; (2.4)
where v is the circumferential speed of the rotor. According to the com-
parison with the experimental data presented in Table 2.3, the LP method
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Figure 2.5: The temperatures measured and predicted from experimental rig
and numerical models (CFD and LP) [62].
presented by Rostami et al. [64] is able to accurately predict the tempera-
tures in different parts of the machine.
Table 2.3: Calculated and measured temperatures for designed AFPM generator
[64].
Point Calculated (C) Measured (C)
Outer-end-winding 102 99
Slot winding 99 95
Magnet 80 79
Rotor 80 79
Frame 75 74
Bearing shield 80 78
Shaft 83 79
Notwithstanding the extensive applicability of LP methods in the afore-
mentioned works, they are heavily dependent on the correctness of the sur-
face heat transfer coefficient (HTC), particularly in the air-gap region of the
disk-type electrical machines. In the literature, the lack of fast formulations to calculate the HTC for the surfaces within the AFPMSMs according to the geometrical and physical parameters is evident.
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Figure 2.6: Equivalent thermal resistance network of an axial flux machine [64].
2.3 Windage losses in AFPMSMs
In AFPMSMs, the main sources of losses are the copper losses, the iron
losses and the mechanical losses [65]. The latter are composed of the bearing
losses and the windage losses. Windage power losses account for the power
associated with the aerodynamic forces (viscous or pressure) against the
rotary parts of the machine. The proportion of windage losses in electrical
machines is usually moderate, albeit not completely insignificant [66]. While
the electromagnetic analysis in the AFPMSMs has been widely addressed
[67–69], the issue of windage losses in this type of electrical machines is not
fully investigated [70–73].
Nonetheless, Vranick [74] pioneered the problem of the windage losses in
rotating electrical machines considering the rotor as a long cylinder rotating
in a stator with close gap distance. He developed a mathematical equation
for drag losses in the alternators. Wild et al. [75] presented a computational
method of the flow in the axial gap of the rotor and the stator along with
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experimental windage torque measurement. They indicated that the Taylor
vortices result in axial variations of the azimuthal shear stress. Anderson
et al. [76] simulated air cooling and windage losses in a high-speed electric
motor. They proposed correlations to ascertain the drag force acting on the
rotor of the motor that matched with the empirical data.
For disk-type electrical machines, empirical correlations that treat the
rotor as a flat disk have been used to calculate the windage power losses
[77–79]. Giovanni [80], however, took the effect of the magnets in the rotor
disk on the windage power losses assessment into account. They carried out
a CFD-parametric study in an AFPMSM with rotor diameter of 220 mm,
gap size of 2 mm and the angular velocity of 1500 rpm for various magnet
thicknesses. They found that an increase in the magnet groove depth from
2 to 18 mm can noticeably intensify the air mass flow rate and the windage
losses (up to 10 W) through the generator (see Fig. 2.7).
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Figure 2.7: Windage losses and mass flow rate [80].
Furthermore, the influence on the windage losses of protrusions at the
rotor disk, resembling the magnets in the machines, has been discussed by
Luo et al. [82], for a rotor-stator system with superimposed central inflow.
They showed that the effect of the protrusion totally undermines the effect
of the air-gap size on the friction torque. Liu et al. [83] shed further light on
the effect of the angular distance between protrusions and their thickness
on the windage losses in the rotor-stator systems.
Wrobel et al. [81, 84] performed CFD simulations to assess the windage
losses in an AFPMSM. They investigated the aerodynamic effects occurring
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To have a more in-depth insight into the aerodynamic 
loss, a series of CFD analyses have been performed. In 
order to embark on a CFD study of a rotating fluid cavity, it 
is important to establish whether the fluid is laminar, 
turbulent, or a transitional phase between the two regimes. 
This is most often assessed using two non-dimensional 
parameters, the ratio of the stator-rotor gap and the tip 
șȦ Ȟ Ȧ Ȟ is the 
kinematic viscosity of ambient air. These calculations are 
provided in Table II. The authors that have studied 
transition in annular rotor stator cavities do not identify a 
clear transition from laminar to turbulent flows, in part due 
to the complexity of the instabilities that can develop. Four 
flow regimes have been proposed by Daily and Nece [32] 
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Figure 2.8: CFD prediction of windage/drag loss [81].
within the air-gap. They calculated the variation of windage losses in the
machine versus the rotational speed of the rotor given by various turbulence
models according to Fig. 2.8. It was also concluded that the windage/drag
loss generated in the analysed machine assembly is relatively small e.g.
about 8% of the bearing loss, at 4000 rpm.
Similar to the correlations for the convective heat transfer coefficients,
the presence of fast correlations to assess the the windage losses in an AF-
PMSM is missing in the literature.
2.4 Rotor-stator flow and heat transfer
Although the real machine has a very complex geometry, the understanding
of the flow pattern in a simple rotor-stator system can be instructive and a
good representative of the flow and heat transfer in a real disk-type electrical
machine. Thus, the literature study in this regard will be explained in the
sections below.
2.4.1 Flow structure in rotor-stator systems
The literature is thriving with several aspects of the rotor-stator configu-
rations. The classification ranges from through/in-flow of air in the rotor-
stator cavity, the enclosed/fully open discoidal systems and different flow
regimes, i.e., laminar or turbulent flow.
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Batchelor [85] mathematically solved the flow between infinite rotor and
stator disks. He showed that there are two distinguishable boundary lay-
ers on each disk with an inviscid rotating core of fluid at large Reynolds
numbers. By contrast, Stewartson [86] identified a different flow structure
where the tangential velocity is maximum on the rotor surface and it starts
to drop away from the rotor and reaches to zero at the stator surface, with
no core rotation. This historic controversy for the same problem was later
attributed to the appearance of the enclosure [87]. In other words, the
Batchelor flow type is observed for the case of the enclosed rotor-stator sys-
tem, while the absence of the core rotating flow, i.e. Stewartson flow type,
occurs for the open rotor-stator arrangements. It is the condition at the
boundary that determines whether the flow will tend toward a Batchelor or
a Stewartson type pattern. In an enclosed rotor-stator system, a recircula-
tion of fluid from rotor to stator occurs at the periphery leading to Batchelor
flow, whereas the core rotation is often destroyed in open discoidal system
with radial through-flow resulting in a Stewartson flow.
In addition to that, Soo [88] demonstrated that the flow structure de-
pends on the parameter X0, for laminar flow in a rotor–stator system with
an imposed airflow at the center of the stator with large gap size ratio.
X0 = (
CwRe
 1/2

)1/2 (2.5)
In this equation Re = R!2/ is the rotational Reynolds number, Cw =
_m/R represents the mass flow rate coefficient, _m is the mass flow rate,
 denotes the dynamics viscosity of air, and R is the radius of the rotor
disk. It has been deduced that when X0 < 1, the flow is of the Batchelor
type with a radial outflow on the rotor and a radial inflow on the stator,
separated by a core of fluid rotating at approximatively 0:38!, where ! is
the angular velocity of the rotor. For the case of X0 > 1, the flow is of
the Stewartson type with an radial outflow on the rotor and without the
formation of a rotating core of fluid.
Daily and Nece [89] conducted an experimental study and defined four
different flow regimes in a totally enclosed rotor-stator system with no
through-flow, shown in Fig 2.9, depending on the values of the non-dimensional
gap size ratio, G = s/R, and the rotational Reynolds number, Re = !R2/
as follows,
• Regime I: merged laminar boundary layers (at low G and Re).
• Regime II: two distinguishable laminar boundary layers separated by
a core rotating fluid (at high G and low Re)
• Regime III: merged turbulent boundary layers (at low G and high Re)
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Figure 2.9: Four distinct flow regimes by Daily and Nece [89].
• Regime IV: two distinguishable boundary layers (at high G and Re)
It is clear from Fig. 2.9 that regimes II and IV correspond to a Batchelor type
flow with the core rotation. Also, the narrow gap sizes (I and III) essentially
represent a viscous Couette-type of flow. Furthermore, Daily and Nece [89]
presented correlations for the non-dimensional moment coefficients, Cm, in
each regime:
Cm =
8>><>>:

G:Re RegimeI
1:85G
1
10Re 
1
2 RegimeII
0:04G 
1
6Re 
1
4 RegimeIII
0:0501G
1
10Re 
1
5 RegimeIV
9>>=>>; (2.6)
From the above equation, the torque on the rotor disk Tq, is then calculated
as,
Tq = 0:5Cm!
2R5 (2.7)
From the torque, the windage power losses P = Tq!, can be easily esti-
mated.
After some subsequent progress in the rotor-stator flow [90–92], Cooper
and Reshotko [93] reported that near the axis of rotation the flow is lami-
nar and the boundary layer thickness is approximately constant. If the gap
width is large, the boundary layers are separated. After transition to turbu-
lence, the separated boundary layers thicken and eventually merge when the
gap size ratio, G, is sufficiently small. Kobayashi [94] pointed out that for
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a single disk rotating in a quiescent environment the flow is fully turbulent
at the rotational Reynolds number Re = 3:9105, whereas for the confined
rotor-stator system transition occurs at lower Reynolds numbers. Daily and
Nece [89] concluded that the flow becomes fully turbulent at Re  1:5105
for the gap size ratio larger than 0.04. For the gap size ratio smaller than
0.04, the transition to turbulence takes place at lower Reynolds numbers
(See Fig. 2.9). Additionally, Itoh et al. [95] showed through an experiment
that the transition to fully turbulent flow was completed at Re = 4:6 105
for G = 0:08.
Singh and Rajvanshi [96] presented the numerical solution for the flow
between a rotating and a stationary disk made up of porous material. The
skin friction was predicted for different values of the Reynolds number.
Bujurke and Achar [97] found a semi-analytical solution to the same problem
with lower Reynolds numbers, and found the singularity of the perturbation
series.
As mentioned earlier, the type of flow pattern in a rotor-stator system
also depends on the presence of an enclosure. For the case of the enclosed
rotor-stator arrangement, Cheah et al. [98] experimentally investigated
the rotor-stator cavity for the Reynolds number range from 0:3  106 to
1:6 106. Three different experimental techniques, including laser-Doppler
anemometry, hot-film velocimetry and the yaw-tube method, were employed
to measure the variation of the mean and some of the fluctuating velocity
components across the rotor-stator cavity. They showed that at high rota-
tional speeds, the Ekman-type boundary layer on the rotor is laminar over
the inner half of the cavity and turbulent at the outer radial locations. The
stator boundary layer, on the other hand, is turbulent over most of the cav-
ity, and the high near-wall turbulence levels extend further into the core.
By contrast, at low rotational speeds (Re  0:3 106) the rotor boundary
layer is laminar over almost the entire cavity. The stator boundary layer
remains turbulent. The distinct behaviour on the rotor and the stator sur-
face was interpreted as a result of the outward radial flow near the rotor
boundary layer, whereas there is radially inward flow adjacent to the stator
disk. The problem of the flow field between rotating disks enclosed by a
cylinder has been further studied by Bhattacharyya and Pal [99]. They in-
dicated that the similarity solution is useful in describing the flow between
finite disks for small values of the Reynolds number. Severac et al. [100]
performed Large Eddy Simulation (LES) by means of a Spectral Vanishing
Viscosity (SVV) technique to solve the turbulent enclosed rotor-stator flow
up to Re = 106. They have also showed that the stator boundary layer
is turbulent over most of the cavity if the Reynolds number is larger than
105. The rotor layer becomes progressively turbulent from the outer radial
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locations, although the rotating hub is shown to destabilize the inner part
of the boundary layers.
Regarding the open rotor-stator systems, Lygren and Andersson [101,
102] used direct numerical simulation (DNS) to unveil the coherent struc-
tures of the rotor-stator flow. They indicated that the origin of the crossflow
near the rotating disk is an imbalance between the centrifugal and pressure
forces, while the crossflow near the stationary disk is pressure driven. Nev-
ertheless, the ensemble-averaged coherent structures in the boundary layers
near the rotating and stationary disks were noticeably similar to each other.
Moreover, it was found that the variation of the mean tangential velocity
between two disks closely resembles the mean velocity profile in plane Cou-
ette flow. Jacques et al. [103] performed numerical simulations of turbulent
flows in rotor stator cavities using a finite difference algorithm based on
a multi-domain decomposition strategy under the assumption of axisym-
metry. It was shown that the flow becomes first turbulent on the stator
while the rotor boundary layer remains completely laminar and that the
two boundary layers continue to behave differently at larger Reynolds num-
bers. In the turbulent regime, it was realized that the large eddies ejected
from the stator boundary layer into the core keep the internal waves in the
core permanently excited.
Furthermore, Andersson and Lygren [104] performed LES of the axisym-
metric and statistically steady turbulent flow between a rotating and a fixed
disk. Both narrow and wide gap sizes were studied. It was demonstrated
that the variation of the tangential mean flow between the disks for the
narrow-gap closely resembled the S-shaped mean velocity profile in a tur-
bulent Couette flow. In the wide-gap cases, however, a nearly homogeneous
core region separated the three dimensional boundary layers adjacent to the
rotor and the stator. In spite of the fundamentally different core regions
for the narrow and wide gap sizes, the three-dimensional flow fields in the
vicinity of the two disks exhibit the same general features.
Cros et al. [105] experimentally examined the transition to turbulence
of the flow confined between a stationary and a rotating disk using visual-
ization and video image analysis. Nevertheless, in the review reported by
Launder et al. [106], it was indicated that the question of the transition
scenario in the rotor-layer still remains open.
Nevertheless, Howey [107] indicated that the Langtry and Menter    
transition provides good results to model the transitional flow in the rotor-
stator configuration in the disk-type electrical machines.
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2.4.2 Heat transfer in rotor-stator systems
Soo et al. [108] pioneered the problem of the laminar heat transfer in a
discoidal configuration. The predicted Nusselt number was scaled by the
gap size (s). Owen [109, 110] used the Reynolds analogy to a rotor-stator
system assuming a turbulent Prandtl number (Prt = V 0V 0z @V@z /T
0V 0z
@T
@z ) of
unity and equal radial and tangential eddy viscosities. It was shown that
considering the frictional heating effects one can find the adiabatic rotor
disk temperature as,
Tad = T1 +
1
2
!2r2/cp (2.8)
where cp is the specific heat capacity at constant pressure.
Arora and Stokes [111] investigated the heat transfer for the steady
axisymmetric flow of an incompressible fluid between two parallel infinite
disks. It was shown that once both disks rotate with the same angular
velocity, the fluid moves as a rigid body having the same angular velocity
as that of the disk. Hence, there is no dissipation and the heat transfer is
only due to conduction through the fluid. The theoretical investigation on
the unsteady mixed convection flow and heat transfer between two infinite
coaxial isothermal disks was carried out by Soong and Ma [112]. The den-
sity variation in the centrifugal force term was considered so as to account
for the centrifugal-buoyancy effects. They showed that for the asymptotic
mode, centrifugal-buoyancy can only alter the steady-state solutions quan-
titatively; however, the qualitative natures of the transient flow, e.g., the
growth and decay of the Ekman layer and the period of the transient stage,
cannot be significantly affected by the centrifugal-buoyancy effect.
Wilson et al, [113] measured the heat transfer in a preswirl rotor-stator
rig, and the measurements were compared with computations obtained from
an axisymmetric elliptic solver. It was reported that the computed Nusselt
numbers for the rotor tended to underpredict the measured values.
Harmand et al. [114] conducted an experiment to estimate the local
convective heat transfer from a rotor with a 310 mm outer radius at a
distance of 3 mm from a coaxial crown-shaped stator. The local heat flux
distribution from the rotor surface was identified by resolving the Laplace
equation by finite difference method using the experimental temperature
distribution as boundary conditions. The author suggested that the local
convective heat transfer decreases as a function of the radius on the rotor
facing a crown-shaped stator and featuring a large central opening, contrary
to the free disc. Ellwood and Korchinsky [115] experimentally studied the
viscous dissipation energy generated by a closely spaced rotor-stator system.
They indicated that theoretical predictions of viscous dissipation rates were
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near those obtained experimentally.
Roy et al. [116] performed an experimental analysis of the fluid temper-
ature distribution and the convective heat transfer coefficient assessment
on the rotor disk surface in a rotor-stator disk cavity. The heat transfer
coefficient was obtained as the ratio of the local surface heat flux and the
local temperature difference across the thermal boundary layer. Then, in
the range of 4:6 105  Re  8:6 105 they developed an empirical corre-
lation for the local convection coefficient on the rotor disk as a function of
local rotational Reynolds number as,
Nur = 0:0195Re
0:80 (2.9)
Boutarfa and Harmand [117] performed an experiment to investigate the
flow structure and the local convective exchanges in the air-gap of a rotor-
stator system. Infrared thermography was utilized to measure the surface
temperatures of the rotor for the range of 5:87 104  Re  1:74 105 and
0:01  G  0:17. The mean Nusselt numbers were reported for different
ranges of the gap size ratio as show in Eq. (2.10),
Nu = 7:46Re0:32 G = 0:01
Nu = 0:50(1 + 5:47 10 4e112G)Re0:5 0:02  G  0:06
Nu = 0:55(1 + 0:462e
 13G
3 )Re0:5 G > 0:06
(2.10)
Beretta and Malfa [118] developed a semi-empirical model for the adiabatic-
rotor/isothermal-stator configuration to find the temperature fields and heat
fluxes. It was observed that the radial distribution of temperature difference
between rotor and stator surfaces is parabolic. The rotor-stator tempera-
ture difference does not depend on the fluid density, but depends merely
on the specific heat and only slightly on thermal conductivity and viscosity
through the Prandtl number. Thus, density reduction will reduce the power
dissipation but will not increase the rotor surface temperature.
Pellé and Harmand undertook a number of researches to investigate
different aspects of the heat transfer in rotor-stator systems [119–122]. The
same experimental set-up was used for all studies. The set-up is based on
the infra-red (IR) thermography method and is depicted in Fig. 2.10
In their first study [119], the rotor-stator system was open at the pe-
riphery, but it had no air inlet at the center. Four different regimes with
corresponding correlations for heat transfer were identified, based on dif-
ferent values of G and Re. It was found that for the case of wide-gap size
ratios, the rotor heat transfer is approximately the same as that of a free
disk. With some modification to the experimental set-up, the presence of
the impinging air jet on the rotor surface from the stator inlet was taken
into account [120, 121]. The jet was defined by a jet Reynolds number
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Figure 2.10: Experimental set-up [119].
Figure 2.11: Phenomena at the rotor surface-correlated parameters [121].
(Rej = VjD/), with a range of 0 < Rej < 4:2  104. Different areas on
the rotor surface were detected. It was concluded that the addition of a
jet impinging on the center of the rotor is advantageous for the heat trans-
fer, primarily near the stagnation point. For higher radii, the experimental
convective heat transfer rates were similar to those obtained without a jet.
The influence of a natural suction through multiple holes in the stator of
a discoidal configuration was studied in [122]. They demonstrated that the
maximum convective heat transfer rates are obtained when G = 0:02. They
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are lowest when the stator is a full disk.
In most studies concerning the heat transfer phenomena in the discoidal
arrangement, the rotor disk was mainly focused on as it is much of interest
in turbo-machinery applications [123–130]. The stator surface heat transfer
has received less attention. In this sense, Yuan et al. [131] experimentally
determined the stator heat transfer in an open rotor-stator disk system with
no through-flow, using thermographic liquid crystals for stator temperature
measurements. CFD simulations were also performed, using the RNG k  
turbulence model. Only three gap size ratios were considered, namely G =
f0:049; 0:073; 0:098g. The rotational Reynolds varied between 1:42  105
and 3:33 105. The authors concluded that there exists an optimum rotor-
stator distance for a given Reynolds number, at which the average heat
transfer rate on the stator reaches maximum. When the Reynolds number
increases, the maximum shifts towards smaller disk-distances.
Besides that, concerning the stator heat transfer, there are a number of
studies conducted by Howey et al. [107, 132–136]. In all of these works,
both CFD simulations and experimental analysis have been undertaken.
Two rotor configurations were tested: a flat rotor (R1), and a rotor with
16 protrusions designed to mimic the magnets on an AFPMSM (R2). An
electrical heater array was used to measure the stator heat transfer rate in
a rotor-stator system, with axial inflow from an inlet at the stator center.
In the simulations using rotor R2, the inlet mass flow rate was specified
directly from the experimental results, instead of specifying the inlet total
pressure. Additionally, the R2 simulations used a rotating reference frame
for the fluid domain, with boundary conditions specified in relation to this.
It was demonstrated that the average stator heat transfer rate for various
gap sizes using R1 (flat rotor) can be correlated in the turbulent regime
according to a power law as,
Nuturb = ARe
B (2.11)
The constants A and B are given in Table 2.4; these are valid in the range
of 5:19 105  Re for the data shown.
On the other hand, the measured stator heat transfer rate for rotor R2
may be correlated by a linear equation in the range 7:4103  Re  5:9105
as follows:
Nu = 0:00067Re+ 118 for G = 0:0212
Nu = 0:00062Re+ 110 for G = 0:0106
(2.12)
A comparison between measured stator heat transfer for R1 and R2 was
made in Fig. 2.12. The results showed that the average stator heat transfer
with R2 is about 20-30 % higher than R1 at a comparable speed.
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Table 2.4: The coefficients of Eq. (2.11) for different gap size ratios [133].
G A B
0.0106 0.0790 0.640
0.0127 0.0888 0.633
0.0170 0.0406 0.628
0.0212 0.0315 0.691
0.0297 0.0347 0.679
0.0467 0.0234 0.712
Figure 2.12: Comparison of measured average heat transfer R1 versus R2 [134].
Most of the aforementioned studies, for simplicity, have used the air am-
bient temperature as the reference temperature to calculate the convective
heat transfer coefficient in the gap between the rotor and the stator. By
doing so, the estimated convection coefficient becomes dependent on the
ambient temperature which is an unwanted effect. In fact, it results in a
limited applicability of those correlations. The main contribution of this
work is to give a way of determining the bulk temperature in a relatively
straightforward manner, by the barycentric combination of the surface tem-
peratures and the ambient or cover temperature.
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2.5 Conclusion
In this chapter, different aspects of thermal analysis of an AFPMSM stud-
ied in the literature were presented. In order to avoid overheating, which is
detrimental to the machine performance, proper thermal modeling should
be used to accurately predict the temperature distribution within the ma-
chine in the course of peak load of the working condition. To this end,
three approaches have been increasingly used, namely numerical methods,
experimental studies as well as LP thermal models.
The numerical modeling of the complete machine, through both CFD
and FE models, was shown to be effective with providing the aerodynamics
effects of the rotor with magnets, acting like radial channels. The RANS
models have mostly been used in the literature for the thermal modeling in
AFPMSM.
Given the complexity of the real machine, the experimental study of
the AFPMSM has gained less attention. In addition to the numerical and
the experimental techniques, the most common way to calculate the tem-
perature distribution in the machines is the LP method, which is relatively
fast to solve using a thermal resistance network. However, the accuracy of
this method substantially depends on the accuracy of the convective heat
transfer coefficients of the machine surfaces.
The windage power loss is another aspect in the machine which can
be very important at high speed applications. The literature seems to be
missing the quick formulations to predict theses losses for different physical
and geometrical parameters.
Also, it was indicated that the air-gap convection has a significant impact
on the cooling of disk-type electrical machines. From the survey of the
available literature, it appears that the ambient temperature is used as the
reference temperature to evaluate the convective heat transfer coefficient
in the rotor-stator systems. This makes the presented correlations for the
mean Nusselt numbers only applicable for a given surface temperature of the
rotor and the stator, which is a serious drawback. To tackle this problem,
different approaches are taken into account in the current research. The
details will be explained in the next chapters.

3
Rotor-Stator system in an enclosed
cylinder 1
The literature review in the previous chapter has demonstrated that the ac-
curate modeling of the fluid mechanics in the air-gap between the rotor and
the stator is of great practical concern in the cooling of the disk-type elec-
trical machines. This chapter, therefore, discusses the numerical modeling
of the flow and heat transfer in a simple rotor-stator arrangement enclosed
in a cylinder, which represents a simplified geometry of the actual topology
of the AFPMSM.
Most of the previous studies, for simplicity, have used the air ambient
temperature as the reference temperature to calculate the convective heat
transfer coefficient in the gap between the rotor and the stator. By doing
so, the estimated convection coefficient is only valid for the specific surface
temperature used in the development of the correlation. This is an un-
wanted effect that results in a limited applicability of those correlations. In
this chapter, however, the average bulk fluid temperature has been calcu-
lated and is used as the reference temperature. In this way, the convective
heat transfer coefficients and the mean Nusselt numbers in the gap will be
1This chapter is based on the journal paper: A. Rasekh, P. Sergeant and J. Vierendeels,
”Convective heat transfer prediction in disk-type electrical machines” Journal of Applied
Thermal Engineering, 91:778-790, 2015 and the conference paper: A. Rasekh, P. Sergeant
and J. Vierendeels, ”A parametric-CFD study for heat transfer and fluid flow in a rotor-
stator system”, 11TH World congress in computational mechanics, VOLS II - IV. p.4475-
4483, 2015.
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independent of both the ambient temperature as well as the corresponding
surface temperatures.
First, the different flow types occurring in the air-gap region of a simple
rotor-stator system are discussed. Furthermore, the influence of the holes in
the rotor disk on the overall heat transfer in the current discoidal system is
investigated. Based on the CFD results, parameterized correlations for the
convective heat transfer coefficient in the rotor-stator system used in disk-
type electrical machines are developed. Details of the proposed method and
the applications of these correlations are presented in the following sections.
3.1 Problem set-up
Fig. 3.1 shows the actual configuration of the rotor-stator in a typical AF-
PMSM. The simplified arrangement of the discoidal system has been illus-
trated in Fig. 3.2, where the left disk represents the rotor and the right
one is the stator. The rotor-stator system is enclosed in a cylindrical cover.
The case study consists of two rotors and one stator in the middle. Hence,
a symmetry plane has been defined to halve the computational cost. The
flow is characterized by the rotational Reynolds number, Re = !R2/, and
the gap size ratio, G = s/R, where ! is the angular velocity of the rotor,
R is the radius of the disks,  is the kinematic viscosity of air and s is the
air-gap distance. This model has been constructed in the practical range of
AFPMSMs namely 4:19 104  Re  4:19 105 and 0:00333  G  0:08.
For the considered disks of 75 mm radius, this range of Reynolds number
corresponds to the rotor tip velocity of 10 to 100 m/s and the range of
the gap size ratio denotes to the gap size of 0.25 to 6 mm. The following
assumptions for constructing the model have been made:
Figure 3.1: The rotor-stator configuration in an AFPMSM [7].
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1. Since the thermal conductivity of the material in the rotor and the
stator is relatively high, the use of an isothermal boundary condition
for each element (rotor, stator & cover) is consistent with the actual
operation condition. The Biot numbers (Bi = hLck ) for the rotor and
the stator disks at the reference point are 0.0001 and 0.002, respec-
tively.
2. Air is considered as an incompressible ideal gas, so its density varies
with temperature and is computed as below,
 =
Patm
RT
(3.1)
Where Patm is the atmospheric pressure, T is air temperature, and R
is the specific gas constant.
3. Other fluid properties are estimated at 50C. The Prandtl number
(Pr = cp/k) is 0.7.
4. The radiative heat transfer can be assessed based on the rotor, stator
and cover temperatures. For example, radiative heat exchange be-
tween rotor and stator disk is calculated through the following equa-
tion,
_Qrad =
(T 4s   T 4r )
1 "s
As"s
+ 1AsFsr +
1 "r
Ar"r
(3.2)
where Ar and As are the surface areas of the rotor and the stator in
the gap,  is the Stefan-Boltzmann Constant, "r and "s denote the
emissivity of rotor and stator surfaces, respectively. Fsr represents the
view factor which is equal to around one as the length of gap is very
small. The radiative heat transfer rates from stator surface in gap
and stator sidewall are 3.0 and 7.9 W when Tr = 100C, Ts = 120C,
Tc = 50
C. It should be noted that the convective heat transfer rates
will be focused in this thesis, and the radiative heat flux, which is
somewhat small, can be separately introduced to the coupled thermal
and electromagnetic model.
5. The buoyancy effect is taken into account, and the gravity vector is
considered perpendicular to the rotor and the stator axis, shown in
Fig. 3.2(b).
3.2 Results of CFD simulation
The case of Re = 1:26  105 and G = 0:01333 is chosen as a reference
point. The 3-D CFD simulations have been implemented for different tem-
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Figure 3.2: The rotor-stator system in an AFPMSM (a) the schematic diagram
(b) the geometrical details.
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perature combinations of the rotor, the stator and the cover at the refer-
ence point. The commercial CFD software Ansys FLUENT has been used
to simulate the 3-D flow fields. The equations are solved by using the
SIMPLE-algorithm and the convective terms in the momentum, turbulence
and energy equations are spatially discretized using a second-order upwind
scheme. The turbulence is treated with a SST k ! model and the meshes
in the boundary layers around the solid walls were designed to obtain a y+
value below 1. The convergence of the solution is achieved once the mon-
itored values of the surface heat fluxes reach a constant value, along with
keeping the relative residuals of momentum-related variables lower than
10 5, the residuals of the turbulence-related variables below 10 6 and the
residual of the energy under 10 8.
The mesh constructed for this benchmark consists of hexahedral cells.
Fig. 3.3 clarifies the surface mesh of the rotor disk. The length of the
first cell in the vicinity of the walls is 100 m. In the air-gap, there are
30 cells in the axial direction. A mesh refinement analysis was performed
to study the effect of the grid size on the heat transfer rate in each surface
within the system. The computational mesh contains 2,604,000 cells and by
comparing the grids with 753,000 and 6,097,000 cells, it was found that the
mesh resolution is fine enough and the results are rather mesh-independent
with the relative error of 0.1% in predicting the stator heat transfer rate.
Due to the fact that the buoyancy effect has not been neglected a priori,
2-D axisymmetric simulations were not used.
Figure 3.3: The surface mesh of the simple rotor disk.
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3.2.1 Flow structure in the air-gap
To give a clear insight about the fluid pattern in this configuration, the radial
and axial velocity contours at the periphery of the air-gap between the rotor
and stator have been depicted in Fig. 3.4, where the Reynolds number and
the gap size ratio are kept at Re = 1:26 105 and G = 0:01333.
Fig. 3.5 shows the velocity vectors at the periphery of the air-gap. Note
that the left disk is the rotor and the right one represents the stator. The
maximum radial velocity component of the airflow at the outer radial loca-
tion of the air-gap is about 1.9 m/s. There are two distinguishable regions;
a strong radial outflow adjacent to the rotor due to the centrifugal force
and a weak inflow region close to the stator disk. The inflow close to the
stator is consistent with the conservation of mass.
(a) (b)
Figure 3.4: Velocity contour in a vertical plane through the axis at the periphery
of the air-gap (a) radial velocity, (b) axial velocity at Re = 1:26  105 and G =
0:01333.
To find out more about the flow pattern behaviour, the radial, axial and
tangential velocity profiles alongside the air-gap for different gap size ratios
are illustrated in Figs. 3.6- 3.8, respectively. The horizontal axis denotes
the position in the air-gap, where x/s = 0 is the rotor surface and x/s = 1
is the stator surface. For the small gap size, the centrifugal boundary layer
of the rotor is merged with the centripetal stator boundary layer. The flow
is dominated by strong viscous effects, which is known as Couette flow.
In fact, the Couette flow structure emerges as the gap Reynolds number
(Res = !s2/) is below 100 [137], and for our cases (G=0.00333, 0.01333,
0.04 & 0.08) in these profiles (Res=1.3, 22, 201 & 804).
As the gap distance increases, two unmerged boundary layers appear
with a rotating core of the fluid, which is known as the Batchelor flow
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Figure 3.5: Velocity vector at the periphery of the air-gap for Re = 1:26  105
and G = 0:01333.
regime. For G = 0:04   0:08, there seems to be a strong radial velocity
component outward close to the rotor, whereas a weaker inward component
of radial velocity near the stator is observed. In other words, the radial
velocity component adjacent to the stator is expected to weaken further for
the wider gap distances.
Different trends can be seen for the axial velocity component profiles
in the air-gap (see Fig. 3.7). In fact, for narrow gaps, there is almost
no flow in the axial direction. For wide gaps, the negative values of axial
velocity near the rotor disk imply that the flow tends to penetrate towards
the rotor boundary layer in almost all radii to replace the fluid which has
been pumped out. According to Fig. 3.8, the tangential velocity component
variations alongside the air-gap for the narrow gap are almost linear which is
compatible with the Couette flow characteristics. For the wide gap size, the
variations of the tangential velocity in the gap show two separate boundary
layers on the rotor and the stator.
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3.2.2 Heat transfer characteristics in the air-gap
The temperature contour in the midplane of the geometry is illustrated in
Fig. 3.9, for the case that the surface temperature of the stator, the rotor
and the cover are kept at 120 C, 100 C and 50 C, respectively. The
coldest region is at the stagnation point at the centerline of the rotor, and
the air temperature goes up at the higher radii. The magnified view in
the air-gap demonstrates that the temperature drops in the periphery, due
to inflow of cold air (in the vicinity to the cover with lower temperature)
inside the gap region. Due to considering the natural convection, the air
temperature distribution of the upper half is not completely identical to
the lower half. Nevertheless, it has been found that the effect of natural
convection on the overall heat transfer was negligible. This was verified
by a separate calculation without taking into account the effect of gravity.
Moreover, in the extreme situation of the low rotor speed (10 m/s), we have
Gr
Re2 = 1:910 4, where Gr is the Grashof number. Therefore, the problem
is regarded as a forced convection problem.
Figure 3.9: Temperature contour in the air-gap at Re = 1:26  105 and G =
0:01333.
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In order to better understand the temperature distribution in the air-
gap, it is necessary to present the temperature profiles across this region.
Fig. 3.10 depicts air temperature variations alongside the air-gap at different
radii for various gap size ratios. It is seen that temperature profiles for the
narrow gap (G = 0:00333) are relatively similar at different radii, which
means that the heat transfer rate between the rotor and the stator surface
in the gap is almost identical according to the slope of the profiles and that
the heat transfer mechanism is mainly by axial conduction through the air-
gap. For the wider gap, however, non-linear temperature distributions are
observed in different radii. In line with the slope of the profiles at x/s = 1
which corresponds to stator heat transfer rate, it can be interpreted that the
stator heat transfer in the gap is minimum in the vicinity of its center and it
increases at the periphery of the air-gap (at higher radii). Furthermore, for
wide gaps, the temperature at high radius can be lower than both the rotor
and stator temperature (negative number of vertical axis). This is caused
by cool air entering the air-gap in the radial direction.
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Figure 3.11: Effect of Re on the mean Nusselt number of the stator surface and
the rotor surface in the air-gap at G = 0:01333.
Fig. 3.11 shows the effect of the Reynolds number on the mean Nusselt
number (Nu = hRk ) for the surfaces ”Stator facing rotor” and ”Rotor facing
stator”. For a fixed G = 0:01333, the mean Nusselt numbers for both
surfaces increase monotonically with the Reynolds number. An increase of
the Reynolds number results in more air recirculating in the gap area, which
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Figure 3.12: Effect of G on the mean Nusselt number of the stator surface and
the rotor surface in the air-gap at Re = 1:26 105.
in turn improves the convective heat transfer.
The effects of the gap size ratio on the mean Nusselt number for the sur-
faces ”Stator facing rotor” and ”Rotor facing stator” have been illustrated
in Fig. 3.12 when Reynolds number is kept at 1:26  105. A sharp decline
in the mean Nusselt number is observed as G increases up to 0.03. Once
G goes up from 0.03 to 0.08, the average Nusselt number remains almost
unchanged. As mentioned earlier, for the narrow gap, the flow structure
is of a Couette-type flow, such that an increase in the gap size results in a
decrease in temperature gradients, which consequently decreases heat trans-
fer. By contrast, as the gap size increases further, two separate boundary
layers appear on both sides of the disks in the gap, known as Batchelor flow
structure. The appearance of two seperate boundary layers results in the
mean Nusselt number becoming almost entirely independent of G.
3.3 Effect of the holes in the rotor disk
In this section, the influence of the holes at the rotor disk on the convective
heat transfer in the current rotor-stator system is studied. The drawing of
the rotor disk with the holes are depicted in the Fig. 3.13(a). The inner and
outer diameter of these openings are 60 mm and 90 mm, while the diameter
of the rotor is 150 mm.
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Figure 3.13: (a) Drawing of the rotor disk with the holes (Di = 60 mm, Do = 90
mm & Drotor = 150 mm) (b) Surface mesh of the rotor disk with the holes
CFD simulations are carried out to calculate the heat transfer and flow
field. The rotor-stator interaction in this configuration has been mod-
elled using two distinct CFD techniques including multiple reference frame
(MRF) and sliding mesh (SM) methodologies. The former case involves
steady state computations and produces time averaged flow field, whereas
the latter one involves transient computations to produce time accurate flow
field. In the MRF technique (or Frozen Rotor), the mesh remains fixed for
the computation and the flow in each moving cell zone is solved using the
moving reference frame equations. This is analogous to freezing the motion
of the moving part in a specific position and observing the instantaneous
flow field with the rotor in that position. The SM and MRF results agree
for a specific position, unless there is unsteadiness in the flow or interaction
between rotor and stator.
Contrary to the MRF approach, the SM method does not neglect un-
steady rotor-stator interaction and it accounts for the relative motion of
stationary and rotating components. In the SM method, the effect of the
changing position of the holes during rotation is taken into account, which
makes this method computationally demanding. The results of the flow
field and the heat transfer from the MRF method are utilized as the initial
solution for the transient sliding mesh calculation.
The surface mesh of the rotor disk with the holes is illustrated in Fig. 3.13(b).
To check the independency of the grid size and time step, several exploratory
simulations were carried out. Once the length of the first cell in the vicin-
ity of the wall is 100 m (with 11,586,000 number of cells) and each time
step corresponds to the rotation of the rotor equal to 0.5 (time step of
2:1817 10 5 with 20 iterations per time step), the results are almost inde-
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pendent of the grid and the time step with the error of 0.8% in predicting the
stator heat transfer rate. Note that a substantial physical simulation time
of t = 1s (equivalent to 63 rotations) is required to get the fully periodic
results of a SM simulation.
Table 3.1: Mass flow rate (kg/s) passing through the holes at Re = 1:26  105
and G = 0:01333.
SM method MRF method
Net inflow 0.00021 0.00020
Net outflow 0.00021 0.00019
Table 3.1 presents the amount of air that passes into the holes and
penetrates into the gap. Due to the conservation of mass, the amount of
the incoming air is equal to that leaves the air-gap. A good agreement
between these numerical approaches is also observed.
Table 3.2: Comparison between the results of the heat transfer rates (W) from
MRF and SM methods.
Surface SM method MRF method
Rotor facing rotor -5.0 -5.1
Stator facing stator 26.5 27.7
The comparisons between the results of heat transfer rates for the rotor
and the stator surfaces in the gap through the MRF and the SM methods are
shown in Table 3.2. According to this Table, there is a good correspondence
between the results of the SM and the MRF methods in prediction of the
convective heat transfer rates in this system.
Figure 3.14: Velocity vectors inside the hole in r   z plane for Re = 1:26 105
and G = 0:01333, for the SM technique and the MRF method.
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Figure 3.15: Velocity vectors inside the hole in r    plane for Re = 1:26 105
and G = 0:01333, for the SM technique and the MRF method.
To give more insight into the flow pattern inside the hole, the velocity
vectors for both the MRF and SMmethods in a meridional plane of the rotor
and also in a r    plane have been shown in the Figs. 3.14-3.15. The left
hand side of the plot (Fig. 3.14) is where the airflow penetrates into a hole
and the right side illustrates how airflow enters into the gap. As predicted
by the both approaches, there is a recirculating region in the middle of
the hole. More importantly, there is an excellent agreement between the
results of the SM method and those obtained by the MRF method. From
this, the conclusion is drawn that the results of the MRF methodology
are satisfactory in the modeling of the rotor-stator interaction. Therefore,
from now on, the MRF method will be employed as the numerical tools in
this project instead of SM method which entails an enormous amount of
computational costs. In fact, each SM simulation requires 1:3  104 CPU
hours, while 2:3 103 CPU hours are needed for each MRF simulation.
Fig. 3.16 shows the velocity vectors in the air-gap region between the
rotor and the stator, in order to highlight the influence of the holes in
the flow field in the current configuration. The maximum radial velocity
component of the airflow at the outer radial location of the air-gap is about
3 m/s. In contrast to the case without the hole, shown in Fig. 3.5, there is
a strong net outflow in the air-gap. This improves the cooling of the whole
system.
Fig. 3.17 clarifies the contributions of the holes at the rotor disk on the
thermal performance of this discoidal arrangement. The comparison of the
stator heat transfer rate between the case with and without holes reveals
that the stator heat transfer rate can be substantially improved with the
presence of the holes at the rotor disk. For example, the heat transfer rate
almost doubles at G = 0:01333 and Re = 1:26 105.
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Figure 3.16: Velocity vectors in the air-gap in the presence of the holes on the
rotor disk at Re = 1:26 105 and G = 0:01333.
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Figure 3.17: Influence of the holes in the rotor disk on the stator heat transfer
in the gap for different G at Re = 1:26 105.
3.4 Correlations for convective heat transfer
3.4.1 Derivation of the correlations
A correlation for the convective heat transfer in the rotor-stator system of
an AFPMSM can be developed, based on CFD results. The configuration,
shown in Fig. 3.18, consists of seven surfaces namely stator facing rotor,
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rotor facing stator, stator sidewall, rotor sidewall, rotor facing cover, cover
front side and cover sidewall. This model seeks to fully predict the average
convective heat transfer of these surfaces as a function of the important
parameters, including the Reynolds number, the gap size ratio, and the
surface temperatures. Although it is possible to find accurate results by
carrying out the 3-D CFD simulations for each case, it would definitely
be computationally demanding. Consequently, having a formulation with
an acceptable accuracy is of paramount importance, especially when an
optimization for the complete electrical machine has to be done.
Figure 3.18: The name of each surface in the system.
The surface averaged convective heat transfer coefficient for the isother-
mal surface f is defined by:
hf =
qf
(Tsurf;f   T ref;f )
(3.3)
where qf is the average heat flux of the surface f, Tsurf;f is the surface
temperature and T ref;f is the bulk fluid temperature as the reference tem-
perature. Moreover, the surface averaged Nusselt number for each surface
can be given through the following formulation,
Nuf =
hf `f
k
(3.4)
where k is the thermal conductivity of air, and `f is the length scale, de-
pending upon the surface f which is indicated in Table 3.4. In most studies
in the literature, the ambient temperature was used as the reference tem-
perature in calculation of the convection coefficients. For the gap region, it
has a consequence that the convection coefficient is no longer independent
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of the surface and ambient temperature. Therefore, T ref;f should strictly
refer to the bulk fluid temperature adjacent to the surface where the mea-
surement for qf is being made. In this way, the convective heat transfer
coefficient becomes independent of the surface temperature and the ambi-
ent temperature, as well. The following formulation was used to assess the
average bulk fluid temperature adjacent to the surface f:
T ref;f =
1
Vf
Z
Vf
TdV (3.5)
where Vf is the volume adjacent to the corresponding surface. T ref;f is
estimated by averaging the fluid temperature adjacent to each surface. For
instance, the red and green volumes in Fig. 3.18 have been used to assess
the average fluid temperature for the surfaces in the gap and the stator
sidewall. This has been calculated through a user-defined function (UDF)
in FLUENT.
The heat transfer rate from the different surfaces can be dependent on
the rotor temperature, the stator temperature and/or the cover tempera-
ture. It is found that a combination of the three temperatures (instead of
using e.g. ambient temperature when dealing with the heat transfer in the
gap as has already been done in literature) needs to be used in the calcu-
lation of the heat transfer coefficient. Thus, it is presumed that the bulk
fluid temperature can be expressed as,
T ref;f = afTR + bfTS + [1  (af + bf )]TC (3.6)
where the subscripts R, S, C and f correspond to the rotor, the stator, the
cover, and the surface for which the heat transfer is being evaluated (see
Fig. 3.18). The coefficients af and bf are dependent on Re and G, and are
different for each surface which will be discussed later in this chapter.
The procedure of the proposed method has been depicted in the Fig. 3.19.
First of all, the CFD simulations are performed when the Reynolds number
and the gap size ratio are kept at the reference point (Re = 1:26  105
and G = 0:01333) with six different combinations of TR, TS & TC . In
this way, the average bulk fluid temperature and the mean convective heat
transfer coefficient for all surfaces in this rotor-stator configuration will be
calculated.
With Eq. 3.4, values of the surface averaged Nuf are given for each
different temperature combination at the reference point. Although there is
a small difference (1.9% the maximum deviation from the averaged value)
between these Nusselt numbers for each temperature combination, a mean
Nusselt number for each surface is computed by taking the arithmetic mean
of these surface averaged Nuf . Furthermore, the six different temperature
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Find &  from CFD
simulations at the reference point 
(given Re number and gap size ratio 
G) for six combinations of TR, TS & 
TC.
Use the least squares method to find 
values for af and bf using Eq. 3.5 and 
find then the averaged value for  
using Eq. 3.3. These values are 
computed at the reference point. 
• Find values for af, bf and for 
various G when Re is kept at the 
reference value. 
• Find values for af, bf and for 
various Re when G is kept at the 
reference value. 
(For each point the same procedure 
based on six combinations of TR, TS & 
TC is used as described above) 
Use curve fitting to find the following 
correlations: 
Figure 3.19: The procedure for the convective heat transfer modeling.
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Table 3.3: CFD results for different surface temperature combinations and the
appropriate values of af , bf and Nuf for stator surface facing rotor (f = 1).
Combination TS(C)
TR
(C)
TC
(C)
Tf
(C) a1 b1 Nu1
1 120 100 50 110
0.4829 0.5122 240.7
2 100 80 50 90.1
3 120 80 50 100.3
4 110 90 60 100.1
5 130 110 60 120
6 110 70 45 90.4
combinations result in six equations of type Eq. 3.6. The least squares
method is employed to this set of equations in order to find the appropriate
values of af and bf . By doing so, the values of af , bf and Nuf are estimated
for each surface f at the reference point. The results for the reference point
for the surface ”Stator facing rotor” (f = 1) are shown in Table 3.3.
The variations of af , bf and Nuf with G should be known. To do so,
CFD simulations are implemented for G=f0.00333, 0.00666, 0.02, 0.02666,
0.04, 0.08g at Re = 1:26  105 for different temperature combinations of
the rotor, the stator and the cover. For each gap size ratio G, having
the average bulk fluid temperature and the mean convective heat transfer
coefficient in each surface for various temperature combinations from the
CFD calculations, the least squares method once again is employed to Eq.
3.4 to estimate the values of af and bf , then the mean Nusselt number for
each surface is given by averaging the results of Eq. 3.4.
Equally important is the variation of the mean convective heat transfer
with the Reynolds number. Thus, CFD calculations are performed for Re =
f4:19104; 8:38104; 2:10105; 3:35105; 4:19105g at fixed G = 0:01333
for different TR; TS & TC . In a similar way, the values for af , bf and Nuf
for each of these Reynolds numbers are then calculated.
Ultimately, the purpose of this approach is to find the correlations which
express the variation of af , bf and Nuf with Re and G as follows,
af = Ff (G;Re)
bf = Gf (G;Re)
Nuf = Yf (G;Re)
(3.7)
It is assumed that the above functions of two variables can be written
Chapter 3 59
as the product of two functions of one variable as,
af = a

fff;1(G) ff;2(Re)
bf = b

fgf;1(G) gf;2(Re)
Nuf = Nu

fyf;1(G) yf;2(Re)
(3.8)
where the superscript  refers to the values of af , bf and Nuf at the ref-
erence point. In order to find the formulations, curve fittings of the results
have been used for each surface in the system. The weights were used on
the reference point in the fitting process. Therefore, the fitting value of
these formulas at the reference point is almost one. It turned out the lin-
ear fitting is mainly the best choice to obtain the functions. To construct
the formulation for Nusselt number for surfaces in the gap, the power-law
functions have been considered, which is also common in the literature. As
an example, the curve fittings for the surface ”stator facing rotor” can be
found in Appendix 3.A in Fig. 3.28. The details of the formulations for all
surfaces are presented in the Table 3.4.
In accordance with Eq. 3.6, as long as the sum of the coefficients af
and bf is close to unity, the value of the cover surface temperature, which
certainly depends on the ambient temperature, has almost no effect on
the bulk fluid temperature adjacent to the surface where heat transfer is
measured. This phenomenon happens for the surfaces in the gap namely
”rotor facing stator” and ”stator facing rotor” at the actual ranges of gap
sizes and Reynolds number (see Table 3.4). As a consequence, the proposed
correlations to estimate the average convective heat transfer for the surfaces
in the gap are independent of the ambient temperature.
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3.4.2 Reliability of the proposed correlations
Here, the robustness of the proposed modeling has been examined. As
explained before, the correlations have been obtained when, for example,
the Reynolds number is fixed at a reference point while varying the gap size
ratio, and vice versa. As a result, it is necessary to compare the results with
the CFD simulations in the values of Reynolds numbers and gap size ratios
where the curve fitting was not performed; i.e. neither Re nor G is in the
reference point.
Table 3.5, therefore, shows the comparison between the proposed cor-
relations and the CFD simulations for two cases namely Re = 1:68  105,
G = 0:01 and Re = 8:38  104, G = 0:02 with different surface tempera-
tures. From this Table, it can be seen that the proposed correlations are
capable of predicting the surface heat transfer rate in each surface as well
as the mean fluid temperature adjacent to each surface with an appropriate
accuracy (5% average deviation of the total stator heat transfer rate). Note
that the positive values of the heat transfer correspond to the direction of
heat transfer from surface to fluid, whereas the negative values indicate the
direction of heat transfer from fluid to surface. Moreover, it is clear that
the mean fluid temperature is different from one another, no matter if the
surfaces have the same temperature. For example, the surface temperatures
of the rotor’s components namely ”Rotor facing stator”, ”Rotor sidewall”
and ”Rotor facing cover” are the same. Nevertheless, the values of the
mean fluid temperature are not identical. Also, the average convective heat
transfer coefficient is no longer dependent on the surface temperature.
62 Simple discoidal system
Ta
bl
e
3.
5:
Co
m
pa
ris
on
of
th
eC
FD
an
d
th
ep
ro
po
se
d
co
rre
lat
ion
sr
es
ul
ts
fo
rh
ea
tt
ra
ns
fer
ra
te
(W
)a
nd
av
er
ag
eb
ul
kfl
ui
d
te
m
pe
ra
tu
re
(
C)
ad
ja
ce
nt
to
ea
ch
su
rfa
ce
.P
os
iti
ve
va
lu
es
re
pr
es
en
tt
he
he
at
tra
ns
fer
di
re
ct
ion
fro
m
th
es
ur
fa
ce
to
th
efl
ui
d.
Su
rfa
ce
s
Fo
rR
e
=
8
:3
8

1
0
4
an
d
G
=
0
:0
2
Fo
rR
e
=
1
:6
8

1
0
5
an
d
G
=
0
:0
1
T
S
=
1
0
0
 C
,T
R
=
8
0
 C
&
T
C
=
5
0
 C
T
S
=
1
2
0
 C
,T
R
=
1
0
0
 C
&
T
C
=
5
0
 C
Pr
op
os
ed
co
rre
lat
ion
s
CF
D
Pr
op
os
ed
co
rre
lat
ion
s
CF
D
_ Q
(W
)
T
f
(
C)
_ Q
(W
)
T
f
(
C)
_ Q
(W
)
T
f
(
C)
_ Q
(W
)
T
f
(
C)
St
at
or
fa
cin
g
ro
to
r
6.6
89
.7
6.2
90
.3
23
.3
11
0.2
24
.9
11
0.0
Ro
to
rf
ac
in
g
sta
to
r
-6
.4
89
.7
-6
.5
90
.3
-2
3.6
11
0.2
-2
4.7
11
0.0
St
at
or
sid
ew
all
10
.7
63
.3
13
.2
63
42
.0
70
.5
38
.5
71
.2
Ro
to
rs
id
ew
all
1.0
65
.3
2.1
64
.8
8.1
72
.7
7.1
73
.3
Ro
to
rf
ac
in
g
co
ve
r
10
.4
56
.2
10
.5
55
.9
55
.7
60
.5
58
.9
60
.2
Co
ve
rf
ro
nt
sid
e
-7
.2
59
.6
-7
.0
59
.3
-3
6.2
66
.0
-3
6.7
65
.3
Co
ve
rs
id
ew
all
-1
5.4
63
.6
-1
8.5
63
.2
-7
0.2
71
.3
-6
8
71
.2
Chapter 3 63
3.4.3 Importance of the reference temperature
In all YASA disk type electrical machines, the heat transfer direction is
usually from the stator to the two rotors, as the stator has higher losses and
the disk-shaped rotors have a large cooling surface. Hence, it is expected
that the core fluid temperature is lower than the stator surface temperature.
Fig. 3.20 shows the variations of core fluid temperature in the gap for
different gap size ratios and Reynolds numbers. The same trend reported
by Howey et al. [135] is seen here. Specifically, the core fluid in the air-gap
cools down as the gap size increases. This is because the wider gap allows the
cold air to penetrate into the gap and it decreases the core fluid temperature
accordingly. Also, the core fluid temperature cools down slightly with the
Reynolds number in the narrow gap size G  0:04, whereas the opposite
trend is observed for the wider gap sizes.
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Figure 3.20: Non-dimensional mean fluid temperature in the gap versus G for
different Re numbers when TS = 120C, TR = 100C & TC = 50C.
Figs. 3.21-3.22 demonstrate the variations of the mean Nusselt number
and the average heat transfer from the surface ”Stator facing rotor” in
the gap versus G at different Re numbers. There is a sharp decline for
both the mean Nusselt number and the average heat transfer rate as G
increases up to 0.02 (narrow gap size). The reason for this trend is that the
temperature variations are almost linear across the air-gap for the narrow
gap sizes (see Fig. 3.10(a)). Therefore, an increase in the gap size leads
to the smaller temperature gradients, which consequently decreases heat
transfer rate for the surfaces in the gap. As the gap size enlarges further,
the values of the mean Nusselt number remain constant for all Reynolds
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Figure 3.21: Mean Nusselt number of the stator surface in the gap versus G for
different Re numbers.
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Figure 3.22: Average convective heat transfer rate of the stator surface in the
gap versus G for different Re numbers when R = 75mm, TS = 120C, TR = 100C
& TC = 50C.
numbers. By contrast, there is a slight growth in the average convective heat
transfer on the stator surface (when R = 75 mm, TS = 120C, TR = 100C
& TC = 50C). This implies that there exists an air-gap size for which
the convective heat transfer on the surface ”Stator facing rotor” reaches a
minimum.
At a first glance, this may seem to be incompatible with the results given
by Yuan et al. [131] who observed a local maximum for the heat transfer
rate as a function of the air-gap size. To interpret this inconsistency, the
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attention should be given to a difference between the flow patterns in the
air-gap. The flow structure here is basically either a Couette-type flow
or Batchelor flow structure, while in the study reported by Yuan et al.
[131] an open discoidal system with the wide air-gap size was studied. In
open systems, i.e. without enclosure, Stewartson type flow occurs, which
is characterized by the absence of a rotating fluid core. Moreover, by only
considering the mean Nusselt number variations, one may conclude that the
convective heat transfer remains unchanged as the gaps size goes up from
0.02 to 0.08 (see Fig. 3.21). In reality, however, the core fluid temperature
becomes colder and it results in an increase in the convective heat transfer
rate. The possible implication is that knowing the core fluid temperature
variations in the air-gap is vital in evaluating the convective heat transfer
of the stator surface in the gap.
3.4.4 Variation of viscosity and thermal conductivity
with temperature
The proposed correlations are using non-dimensional numbers. In order to
build the correlations, different cases were run. The parameters for these
cases were chosen to be representative for the operation of an electrical ma-
chine running in an air environment. Consequently, values for the viscosity
were chosen to correspond with those for air in the expected temperature
range. In order to check the validity of this approach, we have simulated
a case in which the viscosity varies with temperature through Sutherland’s
viscosity law as,
 = 0

T
T0
3/2
T0 + C
T + C
(3.9)
where C corresponds to a Sutherland constant of 110 K, T0 = 273 K,
0 = 1:71610 5 kg/(m.s). The Prandtl number in the temperature range
between 50 C and 120 C differs by at most 1.5% from 0.7. It was therefore
kept constant at 0.7 which defines the variation of the thermal conductivity
with temperature. We call this: case ”Sutherland”, and compare it with
the case where constant values for viscosity and thermal conductivity are
considered: case ”fixed”.
For both cases, the tip velocity of the rotor is 30 m/s, and the surface
temperatures of the stator, the rotor and the cover are kept at 120C,
80C & 50C, respectively. The heat transfer rate of different surfaces
are compared. Note that the Reynolds number is different for both cases
since the viscosity for the case ”Sutherland” is considered at the mean fluid
temperature adjacent to the surfaces under study. For example, for the
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Table 3.6: Comparison of the CFD and the proposed correlations results for
heat transfer rate (W) for Case ”Sutherland” and Case ”fixed” when G = 0:01333,
TS = 120
C, TR = 80C & TC = 50C.
Surfaces Case “Sutherland” Case “fixed”
Proposed correlation CFD Proposed correlation CFD
Stator facing rotor 29.7 30.3 26.1 26.7
Rotor facing stator -31.1 -31.9 -27.1 -28
Stator sidewall 32.9 33.1 29.3 31.1
Rotor sidewall 2.2 -0.3 2.0 0.1
Rotor facing cover 22.2 21.7 19.6 21.7
Cover front side -17.5 -16.8 -15.5 -15.8
Cover sidewall -36.8 -36.2 -31.9 -33.4
surfaces in the gap it would be 100C. For the case ”fixed”, however, the air
properties have been evaluated at 50C. The thermal conductivity for both
cases is also different. For this reason, the CFD results will be different but
also the proposed correlation will predict different results.
Table 3.6 shows the comparison between the CFD and proposed cor-
relation results of convective heat transfer for case ”Sutherland” and case
”fixed”. It is seen that for both cases the proposed correlation can accurately
predict the heat transfer rate for the different surfaces. Consequently, also
if the variation of viscosity and thermal conductivity with temperature has
to be considered, taking into account the influence on the Reynolds num-
ber, the proposed correlation is capable of predicting the convective heat
transfer in the current discoidal configuration.
3.4.5 Comparison to the studies in the literature
To check the validity of our proposed correlations, a comparison has been
made with the experimental results of the available data in the literature,
shown in Fig. 3.23. Since the reference fluid temperature in our case is
different than their test runs, the comparison is made on the basis of the
heat transfer rate instead of the Nusselt number. Specifically, the values for
the surface ”Stator facing rotor” are compared. For the case of G = 0:0976
and Re = 3:33  105, an agreement (with 30% deviation) can be observed
between our result and Yuan et al. [131], where extrapolation has been done
for this high value of G. In addition to that, the comparison has been made
between the proposed model and the experimental study by Howey et al.
[135] for G = 0:01 at Re = 1:1  105, 1:47  105 & 1:85  105. The trends
are similar; however, the proposed method underestimates the heat transfer
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on the surface ”Stator facing rotor”. The main reason for this discrepancy
is that the study zone to assess the mean Nusselt number in the experiment
by Howey et al. [135] lies in the range of 0:6  r/R  1, whereas the
entire stator disk is considered in the thermal modeling presented in this
chapter. In fact, heat transfer from the stator surface in the gap mainly
occurs at the higher radii. This can be seen from the slope of temperature
profiles in the gap as discussed in Fig. 3.10. On the other hand, there
is a central admission of air without an imposing airflow at the stator in
the measured values by Howey et al. [135], while our case the stator is
without central opening. The presence of the central opening in the stator
is advantageous to the stator heat transfer, as discussed by Boutarfa and
Harmand [117]. As a consequence, the results of the proposed correlation in
this chapter underestimate the stator heat transfer prediction as compared
to the experimental data in the literature.
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Figure 3.23: Comparison of the proposed correlations results for the heat trans-
fer rate from stator surface in the gap with the literature.
3.5 Correlations for windage power losses
This section deals with the calculation of the losses due to friction between
air and the rotor, so-called windage losses, in the current discoidal con-
figuration. Table 3.7 shows the comparison between windage losses and
other types of losses in the AFPMSM under investigation. According to
this Table, the windage losses in the AFPMSM become very important at
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Table 3.7: Comparison between the losses in the AFPMSM.
Rotational speed (rpm) Windage losses iron losses copper losses PM losses
2000 1.4 40 100 10
4000 11.3 100 100 20
high speed applications. These losses can be determined by semi-empirical
analytical equations.
As seen in Fig. 3.18, the rotor comprises of three surfaces namely ”Rotor
facing stator”, ”Rotor sidewall” and ”Rotor facing cover”. The objective is
to find a correlation between the power associated with the drag torque of
the rotor on the one hand and the Reynolds number and the gap size ratio
on the other hand, for each of these surfaces.
Similar to the procedure to find correlations for the convective heat
transfer, CFD simulations are performed when the Reynolds number is kept
at the reference point, while the gap size ratio is subjected to change, and
vice versa. For the case of the convective heat transfer rate, the variations
of the fluid properties, e.g., thermal conductivity and the viscosity with
temperature were found to be insignificant in the considered temperature
range. However, for windage losses evaluation, the influence of the tem-
perature on the air properties is taken into consideration. The viscosity is
related to temperature by Sutherland’s viscosity law. The non-dimensional
friction losses, P 0f , for the surface f are defined as,
P
0
f =
Pf
!2R3
(3.10)
where the subscript f corresponds to the surface for which the friction loss
is calculated. The goal is then to find the correlations which express the
variation of P 0f with Re and G as,
P
0
f = Lf (G;Re) (3.11)
The above function of two variables can be written as the product of two
functions of one variable as,
P
0
f = P
0
f lf;1(G) lf;2(Re) (3.12)
where the superscript  refers to the values of P 0f at the reference point for
the surface f. The fitting values of these formulas at the reference point is
close to one. The curve fittings of the results have been performed for each
surface of the rotor. The details of the formulation for the rotor surfaces
are given in the Table 3.8.
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Table 3.8: Correlations for windage losses estimation in each surface within the
current discoidal system.
Surfaces: Rotor facing stator, f = 2 Rotor sidewall, f = 4 Rotor facing cover, f = 5
P
0
f 222.47 153.68 295.19
lf;1 6:041 10 7G 2:538 + 5:428G+ 0:901 0:4743G 0:157 1
lf;2 5:025 10 6Re+ 0:4391 6:213 10 6Re+ 0:2908 5:517 10 6Re+ 0:3797
Fig. 3.24 indicates the variation of friction losses for the surface ”Rotor
facing stator” versus the gap size ratio at different Reynolds numbers. There
is a sharp drop in the windage losses, as G increases to about 0.01. This
is because for narrow gap sizes the boundary layers of the rotor and the
stator are merged. An increase in the gap size therefore results in the
tangential velocity gradient to decrease and lowering the shear stress on
the rotor and the frictional losses accordingly. In contrast, the windage
losses increase slightly when G increases further. This is more noticeable at
higher Reynolds numbers. The minimum in the frictional losses appears due
to transition from the Couette-type of flow (narrow gap) to the Batchelor
flow (wide gap) with unmerged boundary layers on the disks. The same
phenomenon was reported by Daily and Nece [89]. When the Reynolds
number increases, the minimum windage losses occur at the higher gap size
ratio.
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Figure 3.24: windage losses variations for the rotor surface in the gap versus G
when R = 75 mm.
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Table 3.9: Comparison of the CFD and proposed correlations results for windage
losses (W) at rotor surfaces within the discoidal system.
Surface Re = 7:16 10
4, G = 0:02 Re = 1:43 105, G = 0:01
Proposed Correlations CFD Proposed Correlations CFD
Rotor facing stator 0.19 0.18 0.69 0.75
Rotor facing cover 0.23 0.23 0.54 0.58
Rotor sidewall 0.10 0.16 0.36 0.31
3.5.1 Correctness of the correlations for the windage
losses
In the same manner as explained for the convective heat transfer coefficient
modeling, the results of the correlations for the windage losses at the rotor
surfaces are compared with the CFD results for the cases that Re and G
are not at the reference point. Table 3.9 shows these comparisons at Re =
1:68  105, G = 0:01 and Re = 8:38  104, G = 0:02. It is concluded from
this table that the correlations for the windage losses are quite trustworthy
with the engineering accuracy (4% average of deviation from the overall
windage losses.)
In the limit of a very narrow gap size, Couette flow is recovered. An
analytical solution for the windage loss exists for this case (with the as-
sumption of a linear shear stress with the rotor radius), which is given by
Eq. (3.13).
P =
!2R4
2s
(3.13)
The accuracy of the correlations has been further verified with the results
of the above equation together with the data reported by Daily and Nece
[89] at Re = 1:07  105. In Table 3.10, the results of the correlations
are compared with the narrow gap formulation at G = 0:0033 and good
agreement can be seen. Also, the results agree well with the empirical
equation given by Daily and Nece [89] at G = 0:013. These comparisons
demonstrate the efficacy of the correlations for the windage losses for the
rotor surface in the air-gap of the current discoidal arrangement presented
in this chapter.
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Table 3.10: Comparison of the results for Mechanical losses (W) at rotor surface
in the gap when Re = 1:07 105.
G Proposed correlations Narrow gap formulation Daily and Nece [89]
0.0033 0.70 0.71 -
0.0133 0.35 - 0.36
3.6 Application to the coupled electromagnetic
and thermal analysis 2
In order to find out the temperature distribution inside the rotor and the
stator, both Navier Stokes and thermal conduction equations have to be
solved. Typically, a transient 3-D model solves these equations simultane-
ously, considering the conjugate heat transfer. However, this requires huge
amount of computational costs, which it is a serious drawback.
Alternatively, the proposed correlations in this chapter can be consid-
ered as the boundary conditions to the energy equation in the solid parts of
the machine. The electromagnetic losses in the machine are included into
the model as the source terms for the energy equation in the solid parts.
The advantage of this 3-D coupled electromagnetic and thermal modeling
representing a segment of the stator and the rotor is a detailed tempera-
ture distribution in the different parts of the machine, which is less present
while other approaches including 2-D FEM approximations [34], analytical
equation [138] or lumped parameter models [64, 62] are employed.
3.6.1 Electromagnetic modeling
The multilayer 2-D FEM technique was used for the electromagnetic anal-
ysis [139]. With respect to the coupled electromagnetic and thermal mod-
eling, the calculation of the different power losses in the machine is the key
point. These electromagnetic power losses will be the energy sources in the
thermal model. In this analysis, the losses in the stator cores, the wind-
ing, and the PMs are considered. This methodology was also employed to
simulate the flux density distribution in the stator cores as a function of
the rotor position. Afterwards, this flux density pattern was considered to
calculate the core losses using the principles of loss separation [140]. The
detailed calculation of the eddy current losses in the PMs was carried out
for this prototype machine by A. Hemeida [5].
2This section is based on the journal paper: H. Vansompel, A. Rasekh, A. Hemeida,
J. Vierendeels and P. Sergeant, ”Coupled Electromagnetic and Thermal Analysis of an
Axial Flux PM Machine” IEEE Transactions on Magnets, 51(11):8108104, 2015
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As the thermal time constant is much larger than the electric one, the
time averaged values of the electromagnetic power losses have been utilized
as source terms in the thermal model.
3.6.2 Coupled electromagnetic model and convective
heat transfer correlations
The key point in the thermal modeling is the introduction of the correlations
for the convective heat transfer coefficients in disk-type electrical machines,
which are developed in this chapter. To this end, the formulations in Table
3.4 are considered as the thermal boundary conditions for the rotor and
the stator surfaces. Note that due to thermal periodicity, only one segment
of the rotor and the stator is modeled. The principle of this approach is
elaborately explained in the PhD thesis of A. Hemeida [5].
In order to perform the transient simulations on the stator and the rotor
model, the following equation inside both the parts should be solved:
jcp;j
@T
@t
+r:( kjrT ) = qj (3.14)
where the subscript j denotes to the different materials used in the ma-
chine and qj is the volumetric heat generation rate associated with the
electromagnetic losses. It should be mentioned that the anisotropy of the
laminated silicon steel stator cores and windings is included by specifying
a tensor for the thermal conductivity rather than a scalar value. In addi-
tion, the temperature dependence of the electromagnetic losses, e.g., the
temperature-dependent stator resistance, taken into account. In this ap-
proach, the model for the rotor and the stator is separated. The convective
heat transfer coefficients from the proposed correlations are considered as
the boundary conditions for each disk. The energy equations for the rotor
and the stator disk are solved with initial guess of TR = TS = T1. The re-
sulting temperature distribution at the stator and the rotor surface is used
to calculate the reference temperatures. This procedure is repeated until
the temperature profile stabilizes and reaches to the steady state condition.
The contours of the steady state temperature inside the rotor and the
stator disk are demonstrated in the Figs. 3.25-3.26.
Here, the huge temperature gradient over the epoxy compound in the
stator and the rotor is clearly visible. As a consequence, the heat generated
in the stator cores of the machine is evacuated radially through the machine
winding and axially by conductive flux from the stator cores to the air-gap
where convective cooling from the stator to the rotor occurs. Despite the
heat flux toward the rotor, good convective heat transfer at the backplane
of the rotor results in a limited temperature of the PMs.
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Figure 3.25: Thermal model of the rotor. (a) Rotor segment model. (b) Steady-
state temperature distribution (C), at no load and Tamb = 23C. Boundary
conditions: 1) thermal insulation; 4) convective heat flux rotor facing stator;
5) convective heat flux rotor edge; and 6) convective heat flux rotor backside.
Subdomain materials: d) epoxy compound; e) cast steel; and f) NdFeB [14].
To illustrate the possibilities of the coupled model, the influence of the
rotational speed on the temperatures in the machine at no load is depicted
in Fig. 3.27. A variation of the rotational speed has a direct influence on
the rotational Reynolds number. By consequence, it has an influence on
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Figure 3.26: Thermal model of the stator. (a) Stator segment model. (b)
Steady-state temperature distribution (C), at no load and Tamb = 23C. Bound-
ary conditions: 1) thermal insulation; 2) convective heat flux stator housing; and
3) convective heat flux stator facing rotor. Subdomain materials: a) aluminum;
b) laminated silicon steel; c) copper winding; and d) epoxy compound [14].
the bulk mean temperature and the Nusselt number according to the cor-
relations. Even though an increasing rotational speed results in increasing
convective heat coefficients in the air-gap and at the rotor backside, its cor-
responding higher electromagnetic frequency will result in increasing core
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losses in the stator cores as well. In Fig. 3.27, the temperatures in the dif-
ferent parts of the machine resulting from the coupled electromagnetic and
thermal analysis are presented for a speed range from 0 to 2500 rpm.
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Figure 3.27: Influence of rotational speed on the temperature in the different
parts of the machine evaluated at no load [14].
Temperature differences between stator cores and windings are negligible
due to the good thermal contact and the high thermal conductivity of both
materials. The temperatures in the magnets are significantly lower than
those of the stator, which is a result of their direct mounting on the rotor
disks, which are well cooled by convection.
3.7 Conclusion
This chapter presented a novel approach that can accurately estimate the
convective heat transfer in the simplified discoidal system of disk-type elec-
trical machines. This model has been constructed based on the CFD simula-
tions in the practical range of the rotational Reynolds number 4:19 104 
Re  4:19  105 and the gap size ratio 0:00333  G  0:08. Given the
rotational Reynolds number, the gap size ratio as well as the surface tem-
perature of the stator, the rotor, and the cover, the proposed model was
able to fully predict the mean Nusselt number for all the surfaces and the
power associated with the resisting drag torque of the rotor surfaces. The
results were compared with the data in the literature and good agreement
was found. The results revealed that small gap size ratios improve the
average heat transfer rate on the stator surface in the gap. This finding
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could also be important since the small gap size ratios generally enhance
the electromagnetic properties of electrical machines.
The influence of the predominant parameters, including the rotational
Reynolds number and the gap size ratio, on the fluid structure and con-
vective heat transfer in the simple rotor-stator system of AFPMSMs was
studied. It was concluded that there is a gap size ratio for a given Reynolds
number for which the average convective heat transfer on the stator surface
in the gap reaches a minimum. Furthermore, the presence of the holes at
the rotor disk was advantageous to the stator heat transfer in the gap re-
gion as the airflow was allowed to enter into the air-gap through the holes,
resulting in a net radial flow in between the rotor and stator.
Additionally, the idea of considering the bulk fluid temperature in the
gap as the reference temperature to calculate the mean Nusselt number was
discussed. By doing so, the proposed correlations for the convective heat
transfer coefficient for the surfaces in the gap have become independent of
the surface and ambient temperatures. In order to predict the bulk fluid
temperature, a linear correlation between the surface temperature of the
rotor, the stator and the cover was found to work well. The unknown coef-
ficients of this equation were given by the least squares method. Moreover,
it was found that the variations of the mean Nusselt number and the bulk
fluid temperature are equally important to assess the heat transfer rate on
the stator surface in the gap.
The applications of the proposed correlations in a coupled thermal and
electromagnetic analysis were elaborately discussed. It was shown that the
correlations can be used as boundary conditions to simulate the solid seg-
ments of the machine. In this way, the temperature distribution inside
the material within the machine can be determined. It was indicated that
the simulation time has strongly been reduced compared with fully coupled
transient 3-D simulations.
To sum up, it can be concluded that the correlations presented in this
chapter are quite efficient tools, not only for the thermal performance as-
sessment, but also in windage losses modeling of the disk-type electrical
machines.
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3.A Appendix: Curve fitting to find the cor-
relations for the convective heat transfer
The graphical illustrations of the curve fitting to achieve the correlations for
the bulk fluid temperature along with the convective heat transfer coefficient
on the surface ”Stator facing rotor” are presented in Fig. 3.28.
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Figure 3.28: Curve fitting for the surface ”Stator facing rotor” (R2 = 0:9822
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4
Convective heat transfer modeling in
an AFPMSM 1
The rudimentary discoidal arrangement of an AFPMSM has been discussed
in Chapter 3. It was shown that the air-gap region critically affects the
thermal performance of the disk-type electrical machines, because a large
part of the heat transfer rate required to compensate the stator heat gains
occurs through the air-gap. This finding makes the further study on the
convective heat transfer in the real configuration of the machine absolutely
essential.
Within this in mind, the present chapter elaborates the numerical model-
ing of the rotor-stator system with the presence of the magnets on the rotor
disk. This assembly resembles the real configuration of the YASA topology
of an AFPMSM. The objective is to formulate the convective heat transfer
coefficients according to the governing geometrical and physical parameters
in the system. Once again, it is vital to express the correlations in such a
way that the heat transfer coefficients become independent of the surface
temperatures. Furthermore, the influence of the geometrical parameters
of the magnets, the air-gap distance as well as the rotational speed of the
rotor on the flow field and the overall heat transfer rates are investigated.
1This chapter is written based on the journal paper: A. Rasekh, P. Sergeant and J.
Vierendeels, ”Fully predictive heat transfer coefficient modeling of an axial flux permanent
magnet synchronous machine with geometrical parameters of the magnets” Journal of
Applied Thermal Engineering, 110:1343–1357, 2017.
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Based on the CFD results, the correlations for the mean Nusselt numbers
of the different surfaces within the machine are constructed. Details of the
proposed method and the results are discussed in the following sections.
4.1 Problem description and CFD set-up
Fig. 4.1 depicts the schematic diagram of the rotor-stator system in the
AFPMSM under investigation. The configuration is composed of two rotors
and one stator, so that only half of the geometry with a symmetry plane in
the middle is studied. In order to expedite the geometry parametrization
procedure, the model is slightly simplified as compared to the real machine.
The right disk corresponds to the stator, and the left one to the rotor.
There are sixteen magnets that are evenly distributed on the rotor side,
facing the stator disk in the gap. Thus, the Pole Pitch angle, which is
the angular distance between two adjacent poles on the machine, is equal
to 1/16  360 = 22:5. Due to 22:5 periodicity, only 1/16 of the whole
system is taken into account. There also exists an annular opening at the
rotor disk. The effects of the radial spokes, connecting the inner edge of the
rotor to the outer side across the annular opening, on the flow field have
been neglected.
Figure 4.1: Schematic of the rotor-stator system in the AFPMSM under study.
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The geometrical details of this rotor-stator arrangement have been shown
in Fig. 4.2. The radius of the rotor and the stator are kept constant at 74
mm and 84 mm, respectively. The surfaces ”Stator gap upper” and ”Stator
gap lower” lie between 0:6  r/Rs  1 and 0:3  r/Rs  0:6 respectively,
where Rs is the radius of the stator.
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Figure 4.2: Geometrical details and name of each surface in the machine.
The current system can be characterized by four non-dimensional param-
eters, namely the gap size ratio G = s/R, the rotational Reynolds number
Re = !R2/, the magnet angle ratio m = p with p = 360
/16 = 22:5
the pole angle, and the magnet thickness ratio L = t/R. In these definitions,
s is the air-gap thickness, R denotes the radius of the rotor, ! is the angu-
lar velocity of the rotor,  represents the kinematic viscosity of air,  is the
magnet angle, and t denotes the magnet thickness as shown in Fig. 4.2. The
objective is to construct correlations to express the mean Nusselt number for
the practical ranges of 0:0068  G  0:0811, 3:53 104  Re  3:53 105,
0:7  m  0:9 and 0:027  L  0:0811. For the case-study here, these
ranges of non-dimensional parameters correspond to a rotor tip velocity of
10   100 m/s (equivalent to the angular velocity of 1290:4   12904 rpm),
a gap thickness of 0:5   6 mm, a magnet angle of 0:7  22:5   0:9  22:5
and a magnet thickness of 2   6 mm. It is assumed that the surfaces are
isothermal, since the thermal conductivities of the materials in the rotor
and the stator are relatively high. The Biot numbers (Bi) for the rotor and
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the stator disks at the reference point are 0.003 and 0.013, respectively. Air
is considered as an incompressible gas, obeying the incompressible ideal gas
law as,
 =
Patm
RT
(4.1)
where Patm is the atmospheric pressure, R is the specific gas constant and
T is the air temperature. Note that the compressibility effect is negligible
as the value of Mach number is below 0.3. The air viscosity varies with
temperature through Sutherland’s viscosity law as,
 = 0

T
T0
3/2
T0 + C
T + C
(4.2)
where C corresponds to a Sutherland constant of 110 K, T0 = 273 K,
0 = 1:71610 5 kg/(m.s). The thermal conductivity of air varies with tem-
perature, keeping the Prandtl number constant at 0.7. It is also presumed
that the buoyancy effect is negligible. The properties for the Reynolds num-
ber are evaluated at the average temperature of the rotor, the stator and
the atmosphere, that is, Tr + Ts + Tamb
3
.
The Frozen Rotor (FR) concept, (or MRF method) which yields a steady
state solution, is applied to model the motion of the rotor. In the MRF
method, as explained briefly in Chapter 3, the computational mesh is fixed,
and the flow in each domain is solved using the moving reference frame
equations. For the machine under consideration, the flow is steady since
the stator surface is smooth and the influence of the natural convection is
negligible. Thus, the results of the MRF method will be the same as when
sliding interfaces would have been used. This approach has been successfully
applied in the modeling of the electrical machines [43, 81]. The governing
continuity, momentum, and energy equations in this method are given by:
r:( !v ) = 0 (4.3)
r: ( !vr 
 !v ) + ( !
  !v ) =  rp+ (+ t)r2 !v (4.4)
r:

 !vrh+ p( !
  !r )

= r: ((k + kt)rT ) (4.5)
In the above,  !vr is the relative velocity with respect to the rotating frame, !v is the absolute velocity in the stationary frame,  !
 represents the angular
velocity vector of the rotating domain, h is the specific enthalpy of air, k is
air thermal conductivity, kt denotes the turbulent thermal conductivity, 
is the molecular viscosity and t is the turbulent viscosity.
As shown in Fig. 4.3, the computational domain is divided into a rotat-
ing and a stationary part by an interface which is situated in the middle
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Figure 4.3: Side view of the computational domain (The shaft is not included
in the numerical model.)
of the gap between the magnets and the stator. The governing equations
in each subdomain are written with respect to that subdomain’s reference
frame; nevertheless, the velocities in each subdomain are calculated in the
absolute frame. Thus, no further transformation is required at the inter-
face between the rotary and the stationary subdomain. The atmospheric
pressure boundary is placed far away from the rotor.
4.2 CFD simulation results
The case of G = 0:0135, Re = 1:06 105, m = 0:8 and L = 0:0540, along
with the surface temperature of Ts = 120C and Tr = 100C, is chosen
as a reference point for this parametric study. This corresponds to an air-
gap thickness of 1:0 mm, a rotational speed of 3871:3 rpm, a magnet angle
of 18 and a magnet thickness of 4:0 mm. CFD simulations are used to
provide adequate data to construct empirical correlations for the convective
heat transfer coefficient. The commercial CFD software Ansys FLUENT
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has been utilized to simulate the 3-D flow fields and the heat transfer. The
governing equations are solved by using the SIMPLE-algorithm and the
convective terms in the momentum, turbulence and energy equations are
spatially discretized using a second-order upwind scheme. The turbulence
is treated with a SST k   ! model. Iterative convergence was achieved
as the relative residual of the momentum-related variables, the turbulence-
related variables and energy are below 10 6, 10 7 and 10 10, respectively.
These residuals ensured that the monitored values of the surface heat fluxes
reached a constant value independent of the number of iterations.
Fig. 4.4 shows the mesh of the rotor surface with the magnet. For the
whole domain, a hexahedral mesh type with 2,944,000 cells is used. More-
over, a mesh independency study was carried out by making a comparison
between the results of the heat fluxes with the coarse and the fine mesh
sizes including 478,800 and 10,605,250 cells. It was found that the results
are roughly mesh independent with the relative error of 0.5 % in predicting
the stator heat transfer rate. Furthermore, the computational mesh ensures
that the y+ values at the solid walls are less than unity.
Figure 4.4: The surface mesh of the rotor disk.
4.2.1 Flow structure in the air-gap and the air-channel
It is worth highlighting that the air-gap specifies the axial distance between
the surfaces of ”magnet front” and ”Stator gap upper”, and the air-channel
represents the chamber being made between two successive magnets. The
accurate prediction of the boundary layer flow in the air-gap as well as in the
air-channel is crucial to evaluate the convective heat transfer coefficients. In
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this section, therefore, we focus on the influence of significant parameters
on the flow characteristics across these regions.
Figure 4.5: The velocity contour in the orthogonal plane through the middle of
the magnets (left figure) and in the meridional plane through the center of the
air-channel (right figure) for G = 0:0135, Re = 1:06 105, m = 0:8, L = 0:0540,
Rr = 74 mm and Rs = 84 mm.
Fig. 4.5 illustrates the velocity contours in the orthogonal plane through
the middle of the magnets (left figure) and in the meridional plane through
the center of the air-channel (right figure) for G = 0:0135, Re = 1:06 105,
m = 0:8 and L = 0:0540. The other magnets have been made visible
through CFD Post-processing. It is observed that the magnets act as a cen-
trifugal channel, accelerating the airflow outward through the air-channel.
To give a better understanding of the flow field, the non-dimensional
radial and tangential velocity profiles across the air-gap for the narrow and
the wide gap size ratio have been shown in the Figs. 4.6–4.7. Note that the
horizontal axis indicates the position between the surfaces of ”Magnet front”
and ”Stator gap upper”. It can be seen that, for both gap size ratios, there
is a net outflow alongside the air-gap. In fact, the annular opening allows
the airflow to go into the gap region, resulting in a net radial flow outward.
For the small gap size ratio (G = 0:0068), the gradient of the tangential
velocity at the higher radii is rather constant, typical for Couette flow. For
the wide gap size, however, the Stewartson type of flow [126] with only one
boundary layer on the rotating disk can be observed. In other words, the
tangential component of the velocity is almost zero everywhere except for
in the rotor boundary layer.
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Figure 4.6: Non-dimensional radial velocity variations across the air-gap at
Re = 1:06  105, m = 0:8 and L = 0:0540. On the x axis, x/s = 0 denotes the
magnet surface and x/s = 1 is the stator surface. (a) G = 0:0068, (b) G = 0:0811.
4.2.2 Heat transfer characteristics in the air-gap and
the air-channel
Fig. 4.8 illustrates the temperature contours in the midplane of the rotor-
stator configuration, with, as mentioned before, the rotor and the stator
surface temperatures at 100C and 120C, respectively. The ambient air
temperature is considered 25C. It is observed that the cold air flows through
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Figure 4.7: Non-dimensional tangential velocity variations across the air-gap at
Re = 1:06 105, m = 0:8 and L = 0:0540 for (a) G = 0:0068, (b) G = 0:0811.
the annular opening, entering into the gap region.
To have a clear view of the convective heat transfer for the current
rotor-stator system, the temperature profiles across the air-gap between
the magnet and the stator surface for different radii have been depicted in
Fig. 4.9. The right side of the horizontal axis represents the area adjacent
to the surface ”Stator gap upper” and the left side belongs to the surface
”magnet front”. For the case of the narrow gap size, the thermal boundary
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Figure 4.8: Temperature contour at the meridional plane through the center of
the magnets for G = 0:0135, Re = 1:06 105, m = 0:8, L = 0:0540, Ts = 120C
and Tr = 100C.
layers next to the magnet and the stator surface are merged, while for the
wide gap thickness, two distinguishable unmerged thermal boundary layers
can be noticed. Furthermore, the slope of the graphs in the vicinity of the
stator surface (right side of the horizontal axis) shows that the heat transfer
rate increases at the outer periphery of the gap region. For the wide gap
sizes, the direction of the heat transfer is always from the surface towards
the fluid, considering the higher value of the surface temperature than the
fluid adjacent to it.
The contours of the convective heat flux for the stator and the rotor
surfaces are shown in Fig. 4.10. It can be interpreted that the local heat
transfer is highest at the place on the magnet where the airflow starts en-
tering the air-channel, this is at low radius. In fact, the ingress of the cold
air with very low temperature (almost equal to the ambient temperature)
at the inlet of the channel between the consecutive magnets can give rise
to a maximum in the local heat flux. The peak spots in the stator surface
correspond with the air-channel position in the rotor.
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Figure 4.9: Non-dimensional temperature variations across the air-gap at Re =
1:06105, m = 0:8, L = 0:0540, Ts = 120C and Tr = 100C for (a) G = 0:0068,
(b) G = 0:0811.
92 Convective heat transfer modelig
Figure 4.10: Heat flux contours at the front view of the rotor and the stator
disks for G = 0:0135, Re = 1:06  105, m = 0:8, L = 0:0540, Rr = 74 mm,
Rs = 84 mm, Ts = 120C and Tr = 100C.
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Figure 4.11: Effects of the annular opening on the overall heat transfer rate at
G = 0:0135, Re = 1:06 105, m = 0:8, L = 0:0540, Rr = 74 mm, Rs = 84 mm,
Ts = 120
C and Tr = 100C.
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To see how the annular opening contributes to the heat evacuation of the
system, the total heat transfer from the rotor, the stator, and the magnet
surfaces for two cases with and without annular opening has been compared
in Fig. 4.11. The positive values of the heat transfer rate correspond to the
direction of heat transfer from surface to fluid, whereas the negative values
denote the direction of heat transfer from fluid to surface. It is clear that
the addition of the annular opening enormously improves the cooling of the
system. For example, the heat transfer rate becomes more than double for
the entire rotor and stator surfaces. To take advantage of the magnet as a
centrifugal channel, the annular opening should be introduced to the rotor
disk. In this way, more air flow is allowed to pass through the air-channels
and the air-gap between the rotor and the stator disk.
Fig. 4.12 clarifies the influence of significant parameters including the ro-
tational Reynolds number (Re), the magnet thickness ratio (L), the magnet
angle ratio (m) and the gap size ratio (G) on the overall convective heat
transfer on the surfaces of the stator, the rotor and the magnet. These data
account for the half of the machine. By default the values of the parameters
here are G = 0:0135, Re = 1:06 105, m = 0:8 and L = 0:0540. There is
an increase in the heat transfer rate within the system as either Re or L goes
up. In fact, the increase of Re from 3:53  104 to 3:53  105 results in the
heat transfer for the stator surfaces increasing by 600%. From the graph it
is also clear that the stator heat transfer increases by 35% as L varies from
0.027 to 0.081. By contrast, the overall heat transfer diminishes when m
increases; in particular, the total heat transfer of the stator surfaces drops
by approximately 40% as m increases from 0.7 to 0.9. Additionally, an
increase in the gap size ratio from 0.006 to 0.081 leads to the overall heat
transfer rate on the magnet surfaces to improve by more than 110%, while
the stator heat transfer remains rather constant.
4.3 Correlations for convective heat transfer
4.3.1 Minimization method for the reference tempera-
ture
The aim of the CFD simulations is to construct the correlations for the
convective heat transfer for all the surfaces in the AFPMSM under study.
The current rotor-stator configuration consists of thirteen surfaces, includ-
ing hole lower, hole upper, rotor facing stator, rotor left side, magnet lower,
magnet left, magnet upper, rotor sidewall, stator sidewall, magnet front,
magnet right, stator gap upper and stator gap lower. The proposed corre-
lations are capable of predicting the average heat flux for all the surfaces as
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a function of the important parameters, namely the gap size ratio, the rota-
tional Reynolds Number, the magnet angle ratio, the magnet thickness ratio
and the surface temperatures of the rotor and the stator and the ambient
temperature.
For an isothermal surface f, the convective heat transfer coefficient hf is
defined as,
hf =
_qf
(Tsur;f   Tref;f ) (4.6)
where _qf represents the heat flux of the surface f, Tsur;f is the surface
temperature and Tref;f denotes the reference temperature. Also, the Nusselt
number for the surface f, Nuf , is given by,
Nuf =
hfR
k
(4.7)
where R is the radius of the rotor/stator (depending on the respective sur-
face whether it belongs to the rotor or to the stator) and k is the thermal
conductivity of air.
As mentioned earlier, for convenience, the ambient temperature has been
widely used as the reference temperature in the literature, which has a seri-
ous drawback. In fact, the choice of using the ambient temperature makes
the presented correlations for the convective heat transfer coefficients de-
pendent on the ambient temperature and the surface temperature. It would
be much more convenient if a reference temperature could be chosen such
that the heat transfer coefficient becomes independent of the temperatures.
To tackle this problem, it is assumed here that the reference temperature,
Tref , can be correlated with the surface temperatures and the ambient tem-
perature through the following linear formulation,
Tref;f = afTr + bfTs + [1  (af + bf )]Tamb (4.8)
where the subscripts r, s and amb denote rotor, stator and ambient. The
unknown coefficients of af and bf are dependent on G, Re, m and L which
will be further discussed in this section.
To begin with, Eq.(4.8) is substituted in Eq.(4.6) and then in Eq.(4.7).
Subsequently, Nuf can be given as a function of the coefficients af and bf
as follows,
Nuf =
_qfR
(Tsur;f   afTr   bfTs   [1  (af + bf )]Tamb) k (4.9)
CFD simulations are carried out with the non-dimensional parameters kept
at the reference point (G = 0:0135, Re = 1:06  105, m = 0:8 and L =
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0:0540) with four combinations of Ts and Tr according to Table 4.1. In this
way, the heat flux for each case can be obtained. Thus, the only unknowns
in Eq.(4.9) are af and bf . The objective is to find the appropriate values of
the coefficients af and bf that minimize the standard deviation () of the
estimated Nusselt numbers in Eq.(4.9) for the surface f according to,
f =
"
1
n  1
nX
i=1
(Nuf;i  Nuf )2
#1/2
(4.10)
where n = 4 corresponding to the number of temperature combinations. To
achieve the global minimum of the standard deviation of Nuf , a Pattern-
Search algorithm from the Matlab Optimization Toolbox is used. The lower
and upper limits of af and bf are set to 0 and 1, in line with the physics of
the problem. The initial points are the results of the solution by setting af
and bf to 0.001 in the first place. Once the minimization algorithm yields
the solution, the coefficients af and bf will be defined. The mean value of
the Nusselt number Nuf from Eq.(4.10) will be considered as the desired
value for the Nusselt number. The mean Nusselt number becomes nearly
independent of the surface temperature of the rotor and the stator, as long
as the standard deviation resulting from Eq.(4.10) is small.
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Table 4.2: Minimization method to find a and b for the surface ”hole lower”.
Combination Ts (C) Tr (C) _Q (W) a1 b1 Tref (C) Nu1;i Nu1 1
1 120 100 24.2
0.0010 0.0010
25.2 294.4
293.5 2.02 120 80 17.6 25.2 291.3
3 130 110 27.2 25.2 292.1
4 100 70 14.6 25.1 296.3
The applicability of the proposed method is confirmed through compar-
ing the results with different choices for the reference temperature as the
ambient temperature and the average bulk fluid temperature discussed in
Chapter 3 (see Table 4.1). The latter was demonstrated to be effective for
a simple rotor-stator system enclosed in a cylindrical cover. Nonetheless,
with the annular opening and the magnets present at the rotor disk, the
minimization method is a far superior approach determining an appropri-
ate reference temperature. According to Table 4.1, the deviation of the
mean Nusselt number in the minimization method with each of the four
temperature combinations is less than 3%.
It is easily discernible through Eq.(4.8) that as long as the values of af
and bf are close to zero, the reference temperature would be equal to the
ambient temperature. This seems to be a good choice for the surfaces hole
lower, hole upper, rotor facing stator, rotor left side, magnet lower, magnet
left, magnet upper, rotor sidewall and stator sidewall. As an example, the
results for the surface ”hole lower” has been shown in Table 4.2. For the
rest of the surfaces, such as magnet front, magnet right, stator gap upper
and stator gap lower the appropriate values of af and bf are required to be
predicted.
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4.3.2 Derivation of the correlations
The step-by-step procedure of deriving the correlations is illustrated in
Fig. 4.13. Knowing af , bf and Nuf at the reference point as shown in Ta-
ble 4.1, the goal is to estimate these when the significant non-dimensional
parameters namely G, Re, m and L as well as the surface temperature of
the rotor and the stator vary. To this end, first, a set of CFD simulations are
performed for G = f0:0068; 0:0101; 0:0270; 0:0405; 0:0541; 0:0676; 0:0811g
at four temperature combinations of the rotor and the stator, while the
other parameters are kept at the reference point, i.e., Re = 1:06  105,
m = 0:8, L = 0:0540. Thus, the heat fluxes for each surface for all the
simulated cases are computed. Once again, the minimization algorithm is
employed to calculate the appropriate values of af , bf for each case sepa-
rately. Afterwards, the mean Nusselt number (Nuf ) in Eq.(4.10), which
is the average of the values acquired from the four temperature combina-
tions, will be considered as the Nusselt number for the case under study.
As a consequence, variations of the convective heat transfer with G when
other parameters are fixed at the reference point can be known. The same
procedure, as explained for G, must be repeated when Re, m and L are
subjected to change. In this way, the variations of af , bf and Nuf for each
surface within the machine at different non-dimensional parameters become
known. 96 simulation runs have been performed, altogether. In the end, it
is necessary to provide formulations to express the convective heat transfer
coefficients as follows,
af = Ff (G;Re; m; L)
bf = Gf (G;Re; m; L)
Nuf = Yf (G;Re; m; L)
(4.11)
where the functions Ff , Gf and Yf need to be defined. These functions
with four variables can be rewritten as the product of four functions with
one variable as,
af = a

fff;1(G) ff;2(Re) ff;3(m) ff;4(L)
bf = b

fgf;1(G) gf;2(Re) gf;3(m) gf;4(L)
Nuf = Nu

fyf;1(G) yf;2(Re) yf;3(m) yf;4(L)
(4.12)
At the above, the superscript  represents the values of af , bf and Nuf at
the reference point. To obtain all of the above functions with one variable,
curve fitting for each surface should be carried out one after the other. Note
that the output from each function at the reference point is almost one.
As discussed, there are two categories of surfaces in the current system:
the ones where the reference temperature is almost equal to the ambient
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temperature, and those where the reference temperature differs from the
ambient temperature and should, therefore, be predicted. The details of
the formulations for each surface are presented in Tables 4.3-4.4.
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4.3.3 Validity of the proposed correlations
The correlations presented in this chapter have been obtained by varying
one non-dimensional parameter while keeping the rest fixed at the refer-
ence point and repeating this for all the other variables. Hence, by com-
paring the results of the correlation with those obtained by CFD simu-
lation for the cases in which neither G, Re, m nor L is at the refer-
ence point, the efficacy of the proposed correlations can be ensured. As
a result, the comparison has been made for four different cases, shown in
Table 4.5. The percentage error presented in this table corresponds to
Error% = j _Qf;CFD  _Qf;Correlation_QStator;CFD j100. The denominator refers to the over-
all heat transfer in the stator surfaces from CFD simulation, and _Qf;CFD
and _Qf;Correlation represent the heat transfer of the surface f given by CFD
and correlations results. According to Table 4.5, the correlations presented
in this chapter are able to assess accurately the convective heat transfer
for all surfaces in the practical ranges of the important parameters in AF-
PMSMs with the error percentage less than 5%.
Furthermore, the results of the correlations for the variations of mean
Nusselt number versus Reynolds number for the stator surface in the gap
are compared in Fig. 4.14 with the numerical results by Wrobel et al. [81]
and also with the experimental data reported by Howey et al. [134].
The presence of the magnet on the rotor disk was also taken into account
in their study. In [81], however, the computational domain is slightly differ-
ent than the case in this chapter as the rotor with magnets along with the
stator disk are enclosed in a box with the prescribed ambient temperature.
The averaged volume temperature was used as the reference temperature
(no value was reported) which is expected to be higher than the calcu-
lated one in the open rotor-stator here. For this reason, the results of the
proposed correlation underpredict the convection coefficient on the stator
surface as compared to the numerical data reported by Wrobel et al. [81].
On the other hand, the results of the correlations are compared with the
experimental data measured by Howey et al. [134] for the mean Nusselt
number prediction. There is a small opening at the stator center allowing
the air passes through the air-gap. The presented Nusselt number has been
given by considering the ambient temperature as the reference temperature.
To make a rough comparison, the reported value of the Nusselt number has
been adjusted with the same reference temperature yielding by the proposed
correlations. It is seen that the correlations here overestimate the Nusselt
number when compared to the experiment by Howey et al. [134]. The main
reason for this trend is that the influence of the annular opening in the
rotor disk in this chapter is more prominent than the small opening in their
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experiment so that more heat could be evacuated from the stator surface in
our electrical machine. Generally, good agreements between the fully pre-
dictive model in this work with the available numerical and experimental
data in the literature can be observed.
0.5 1 1.5 2 2.5 3
x 10
5
100
200
300
400
500
600
700
800
900
1000
Re
N
u
Wrobel et al. [81 ]
Present Correlation case 1 
Howey et al. [3 4] 
Present Correlation case 2
Figure 4.14: Comparison between the results of the proposed correlations at case
1 (G = 0:0156, L = 0:0376 and m = 0:8) with the numerical results presented
by Wrobel et al.[81] and also at case 2 (G = 0:0212, L = 0:0540 and m = 0:844)
with the experimental data of Howey et al. [134] for variations of Nu at the stator
surface in the gap versus Re.
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Figure 4.15: Variations of Nu versus G for ”Stator gap upper” at different (a)
m, (b) L and (c) Re.
4.3.4 Stator surface heat transfer
In YASA disk type electrical machines, more electromagnetic losses occur
on the stator side. Therefore, the study of the convective heat transfer in
this region is of much interest. Fig. 4.15 demonstrates the variations of the
mean Nusselt number with G for the surface ”stator gap upper” at various
m, Re and L. Overall, it can be seen that the mean Nusselt number goes
down with an increase in G and m, whereas the opposite trend is observed
as L or Re increases. In order to evaluate properly the convective heat
transfer in this study, it is equally important to examine the variations of
the reference temperature as provided in Fig. 4.16. As can be seen from the
graphs, the reference temperature decreases considerably with an increase
in G, Re and L. In contrast, there is a consistent surge in the reference
temperature when m goes up. The logic behind this trend is that the
air-channel between the consecutive magnets would become narrow as the
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Figure 4.16: Variations of non-dimensional reference temperature versus G for
”Stator gap upper” at different (a) m, (b) L and (c) Re.
magnet angle ratio enlarges and this results in less air being able to pass
through the gap region and raising the reference temperature accordingly.
Fig. 4.17 indicates the variations of the convective heat transfer rate on
”stator gap upper” surface versus G for different Re, m and L. The heat
transfer rate experiences a sharp decline with an increase in m while an
increase in Re or L improves the convective heat transfer significantly. The
gap size ratio has a different influence on the variations of the heat transfer
rate for the surface ”stator gap upper”. In other words, the heat transfer
increases as the gap size ratio becomes larger and reaches a maximum at
G  0:02. Once the gap size ratio increases further, there is a smooth
decline in the convective heat transfer rate. This behaviour is mainly due
to switching the flow pattern from Couette flow (G  0:02) to Stewartson
type, i.e., the transition from the narrow gap size to the wide gap size.
Another reason for this trend is that an increase in G brings about a decline
in the convective heat transfer coefficient, while also lowering the reference
temperature for the stator surface (see Figs.4.15-4.16). These tendencies
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Figure 4.17: Variations of the convective heat transfer rate (W) for ”Stator gap
upper” versus G when Rr = 74 mm, Rs = 84 mm, Ts = 120C and Tr = 100C
at different (a) m, (b) L and (c) Re.
have competing effects on the heat transfer rate, according to Eq.4.6. As
a result, contrary to the findings of the simple rotor-stator system in an
enclosed cylinder in Chapter 3, there is a gap size ratio, for a given Re, m
and L, in which the convective heat transfer for the stator surface in the
gap reaches a maximum. The same behaviour has been reported by Yuan
et al. [131].
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4.4 Conclusions
This chapter deals with the prediction of the convective heat transfer coeffi-
cients in the rotor-stator system of AFPMSMs. CFD simulations have been
performed, considering different ranges of the predominant non-dimensional
parameters that govern the heat transfer and fluid flow. Specifically, these
are the rotational Reynolds number Re, the gap size ratio G, the magnet
angle ratio m and magnet thickness ratio L. It was shown that the mag-
nets forms radial air-channels by conducting the flow in between the space
being made between the magnets and also into the gap region, so that it
facilitates the cooling of the system. In addition to that, the existence of
the annular opening was demonstrated to be equally important to the heat
transfer in this configuration. By allowing the cold air to enter into the
air-channels as well as through the air-gap, a net radial outflow from these
channels becomes possible. This improves the cooling performance.
A minimization method by means of a Pattern-Search algorithm has
been employed to find the proper value of the reference temperature that
makes the estimated convective heat transfer coefficient the least dependent
on the surface temperatures. It was shown that this approach is much more
practical than using the ambient temperature for all surfaces, or using the
bulk fluid temperature as the reference temperature. Using this reference
temperature, the correlations for the Nusselt number for all surfaces were
constructed.
The effects of important parameters on the overall heat transfer rate in
the system were also investigated. It was shown that an increase in the
Reynolds number and the magnet thickness ratio can significantly improve
the cooling of the machine. On the other hand, there is a sharp decline
in the overall heat transfer, e.g., a 40% drop in the stator surfaces heat
transfer, as the magnet angle ratio goes up from 0.7 to 0.9. For a given Re,
m and L, there is a gap size ratio for which the stator heat transfer rate
in the gap reaches a peak.
In conclusion, the proposed correlations are quite versatile tools in the
thermal modeling of AFPMSMs. The presented results in this chapter will
be exploited in a coupled thermal and electromagnetic analysis to fulfill the
complete design optimization of the AFPMSMs.


5
Windage losses modeling in an
AFPMSM 1
This chapter copes with the prediction of the power associated with the aero-
dynamic forces (viscous or pressure) on the rotary parts of the AFPMSM,
so-called ”windage losses”. A set of correlations for the windage power losses
prediction in the current machine is presented based on the numerical model.
In the literature, it is quite common to use the empirical formulations of
a simple rotor-stator arrangement to predict the windage power losses in
a real disk type electrical machine. This has a significant drawback, as
the windage loss caused by the magnets and air-channels between them is
neglected. In this chapter, however, these effects are taken into account.
Two categories of formulations are defined to make the windage losses di-
mensionless, based on whether the losses are due to the viscous forces or
the pressure forces. Details of the proposed correlations and the results are
discussed in the following sections.
1This chapter is written based on the journal paper: A. Rasekh, P. Sergeant and J.
Vierendeels, ”Development of correlations for windage power losses modeling in an axial
flux permanent magnet synchronous machine with geometrical features of the magnets.”
Energies 9(12)2016, doi:10.3390/en9121009.
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5.1 Numerical set-up
The CFD simulation presented in the Chapter 4 will be used to assess the
windage power losses in the AFPMSM under investigation. Once again, the
case of an air-gap thickness of 1.0 mm, a tip velocity of the magnets of 30
m/s, a magnet angle of 18, a magnet thickness of 4.0 mm along with surface
temperatures of Ts = 120C and Tr = 100C, is chosen as a reference point
for this CFD-parametric study.
5.1.1 Flow structure characteristic
The proper analysis of the windage loss requires detailed knowledge of the
flow field. Indeed, the spatial distribution of the tangential velocity compo-
nent determines the shear stress and therefore the contribution of the shear
stress to the torque required to rotate the rotor disk. Fig. 5.1 depicts the
tangential velocity contours in the midplane of the rotor-stator configura-
tion at G = 0:0135, Re = 1:06 105, m = 0:8 and L = 0:0540. This figure
highlights the strong tangential velocity gradient between the magnet and
the stator surface in the air-gap.
Figure 5.1: Absolute tangential velocity contour in the meridional plane through
the center of the air-gap for G = 0:0135, Re = 1:06  105, m = 0:8 and L =
0:0540.
The contours of the relative tangential velocity at different radii in the
air-channel are illustrated in Fig. 5.2. There is a significant gradient of the
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tangential velocity across the air-channel, which implies a large shear stress
at the wall. This elucidates the contribution of this region to the windage
power losses of the machine. Furthermore, the positive and negative veloci-
ties in the air-channel demonstrate the presence of a vortex with radial core
in this region.
Figure 5.2: Relative tangential velocity contour across the air-channel for dif-
ferent radii at G = 0:0135, Re = 1:06 105, m = 0:8, and L = 0:0540. Positive
values indicate a relative flow in the direction of the rotation.
Figure 5.3: The schematic diagram of the rotor in an AFPMSM.
To give more insight about the shear stress for the current discoidal
system, the non-dimensional tangential velocity variations across the air-
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gap from the middle of the magnet to the stator surface (green lines in
Fig 5.3) at different radii have been shown in Fig. 5.4. The left side of the
axis belongs to the surface ”magnet front” and the right side represents the
stator surface in the gap. Two different flow patterns are observed according
to the gap size. For the small gap size ratio (G = 0:0068), the gradient of
the tangential velocity at the higher radii is rather constant, typical for
Couette flow. For the wide gap size (G = 0:0811), however, the Stewartson
type of flow is seen, i.e., the tangential component of the velocity is almost
zero everywhere except for the rotor boundary layer.
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Figure 5.4: Non-dimensional tangential velocity ( W
R!
) across the air-gap (green
lines in Fig. 5.3) at Re = 1:06105, m = 0:8 and L = 0:0540 for (a) G = 0:0068,
(b) G = 0:0811. The left side of the axis belongs to the surface ”magnet front”
and the right side represents the stator surface in the gap.
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Figure 5.5: Non-dimensional tangential velocity ( W
R!
) across the air-channel (red
lines in Fig. 5.3) at Re = 1:06105, m = 0:8 and L = 0:0540 for (a) G = 0:0068,
(b) G = 0:0811. The left side of the horizontal axis denotes the point on the
surface ”Rotor facing stator” in the middle between two magnets.
The variations of the non-dimensional tangential velocity alongside of
the air-channel (the red lines marked in Fig. 5.3) are depicted in Fig. 5.5.
The left side of the horizontal axis denotes the point on the surface ”Rotor
facing stator” in the middle between two magnets. It is remarked that
away from the rotor surface towards the stator surface in the air-channel
there is initially an increase in the tangential velocity magnitude, due to the
presence of the vortex within the channel, generated by the friction with
the stator wall. The implication of this trend is that the surface ”Rotor
facing stator” does not counteract the rotation of the disk. Moreover, the
tangential velocity increases again after x = t for the small G, whereas for
larger gap sizes it keeps decreasing.
In addition to the shear stress contribution in the windage losses, torque
is also generated due to pressure forces. Depending on the actual geome-
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Figure 5.6: Static pressure contour on the rotor disk and the magnet at G =
0:0135, Re = 1:06 105, m = 0:8 and L = 0:0540.
try, this could give the largest contribution to the total torque. The static
pressure contours on the rotor disk with the magnets on it have been il-
lustrated in Fig. 5.6. The other magnets have been represented through
post-processing of the periodic data. There is a noticeable pressure differ-
ence between the surface ”magnet left” and ”magnet right”, which in turn
generates pressure forces acting against the rotary motion of the rotor disk.
In this way, the side surfaces in the air-channel play an important role in
the overall windage losses in the AFPMSM.
5.1.2 Total windage power losses
Fig 5.7 clarifies the influence of the gap size (s), the tip velocity of the
magnet (v), the magnet angle () and the magnet thickness (t) on the
overall windage power losses in the current arrangement.
Notice that the default values of these geometrical parameters here are
s = 1 mm, v = 30 m/s, =18 and t = 4 mm, which are indicated with the
red dots in the figures. This reference point is equivalent to G = 0:0135,
Re = 1:06  105, m = 0:8 and L = 0:0540. The overall losses have been
computed by accumulating the losses generated at each individual surface.
The results of Fig 5.7 account for one rotor disk. The parametric study
reveals that the rise of the rotational Reynolds number from 3:5  104 to
3:5  105 enormously increases the total windage losses from 0.2 to 220
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Figure 5.7: The influence of (a) gap size s(mm) (b) tip velocity of the magnets
v(m/s) (c) magnet angle () and (d) magnet thickness t(mm) on the overall
windage power losses (W) per rotor (reference point is highlighted with the red
point).
W. Additionally, the iron losses in terms of excess, hysteresis, and dynamic
losses substantially increase with an increase in the rotational speed [141].
This also gives rise to more copper losses, as the skin effect in the windings
increases with frequency. Furthermore, the permanent magnet losses (Eddy
currents losses) increase for greater values of the rotational speed [5].
The same trend, but much less profound, can be seen with variations of
the magnet thickness ratio. The total windage losses increase by more than
double as the magnet thickness ratio L varies from 0.0270 to 0.0811. The
reason behind this behavior is that the increase of the magnet thickness
rises the contact area between the airflow and the magnet. Not only does
this area triple in size, but that this area, although relatively small, has
a big impact on the losses because pressure is working there. However,
from the electromagnetic point of view, thicker PMs lead to greater air-gap
flux density, resulting in a more efficient machine. At a certain point, an
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additional increase in the PM thickness will bring about additional cost
without any added value to the electromagnetic performance [5].
By contrast, as the magnet angle  enlarges from 15.75 to 20.25  (m
varies from 0.7 to 0.9.), the overall windage power losses diminish by about
60%. The implication is that a wider magnet angle shrinks the total size
of the air-channel, resulting in a decrease in the air mass flow rate inside
the air-channel between the consecutive magnets. This lowers the windage
losses. In view of the electromagnetic analysis, a wider PM magnet angle
results in a more air-gap flux density as well as a more efficient machine.
This, however, increases the volume of the PMs, which in turn raises the
PM losses [5].
The gap size ratio exhibits a discernible trend, i.e., there is a growth
in the overall windage losses, in the course of the transition from the very
narrow gap to the wide gap size. As the gap size becomes larger, the value
of the windage losses remains almost unchanged. It can be deduced that
the gap size greater than nearly 2 mm does not affect the amount of the
air mass flow rate entering into the air-channel. The overall windage losses
are therefore also not affected. The same trend was reported by Luo et al.
[82]. Unlike for the windage loss, an increase in the air-gap distance, while
keeping the same PM width, deteriorates the electromagnetic performance
of the machine [5].
5.2 Correlations for windage losses
The purpose of the CFD simulations is not only to perform the paramet-
ric study, but more importantly, to construct correlations for the overall
windage power losses in an AFPMSM. As shown before in Fig. 4.2, there
are eleven surfaces at the rotor disk, namely hole lower, hole upper, ro-
tor facing stator, rotor left side, magnet front, magnet lower, magnet left,
magnet right, magnet upper, rotor sidewall and shaft. These are surfaces
that contribute to the overall windage losses in the machine. The idea is
to find formulations for the windage losses of each surface as a function of
the gap size ratio, the rotational Reynolds number, the magnet angle ratio
and the magnet thickness ratio. To make the correlations applicable for dif-
ferent scales of the AFPMSMs, it is required to express the windage losses
as non-dimensional numbers. Since the windage losses occur as a result of
two different sources, namely the viscous forces and the pressure forces, two
distinct non-dimensional numbers should be defined. The windage power
losses can be expressed as the following function,
P = f(; ; !;R) (5.1)
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where R is the outer radius of the rotor, which is also the length scale of
the machine. According to the dimensional analysis, the non-dimensional
windage power losses P 0 can be written as,
P
0
= Pf
ab!cRd (5.2)
Pf denotes the windage losses generated in surface f,  is dynamic viscosity
of air and  represents air density.
The windage losses due to viscous forces scale proportional to the vis-
cosity. Therefore, a is chosen to be -1. From this should then follow that
b = 0. The other coefficients follow from the requirement that P 0 should be
dimensionless. Thus, the non-dimensional windage losses due to the viscous
forces on the surface f are expressed as,
P
0
f; =
Pf
!2R3
(5.3)
The non-dimensional windage losses due to pressure forces scale propor-
tionally to the density. Thus, b is chosen to be -1. From this should then
follow that a = 0. In the same manner, the unknown coefficients can be ob-
tained by considering dimensional analysis. After that, the non-dimensional
windage losses due to the pressure forces on the surface, f, are given by the
following formulation,
P
0
f; =
Pf
!3R5
(5.4)
In above formulations, P 0f; and P
0
f; are the non-dimensional windage losses
for surface f due to viscous forces and pressure forces, respectively.
Only two surfaces in this arrangement, namely ”magnet left” and ”mag-
net right”, give rise to windage losses due to the pressure forces. The rest
of the surfaces contribute to the windage losses only because of the viscous
forces. As a matter of fact, for both surfaces ”magnet left” and ”mag-
net right” the contribution of the viscous forces is even negligible, which
explains the different choices of variables to make the contribution to the
power dimensionless for these surfaces.
To construct the correlations, a set of CFD simulations are performed for
G = f0:0068; 0:0101; 0:0270; 0:0405; 0:0541; 0:0676; 0:0811g, while the other
parameters are kept at the reference point, i.e. fRe = 1:06  105; m =
0:8; L = 0:0540g. Afterwards, P 0f; and P
0
f; are computed according to
Eqs.(5.3-5.4). By doing so, the variations of the windage power losses with
G when other parameters are fixed at the reference point are obtained. The
same procedure as explained for G, is repeated when Re, m and L are being
changed. In this way, the variations of P 0f; and P
0
f; for each corresponding
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surface within the machine at different non-dimensional parameters will be
known. In the end, it is necessary to provide formulations to express the
non-dimensional windage losses as follows,
P
0
f; = Zf (G;Re; m; L)
P
0
f; = Xf (G;Re; m; L)
(5.5)
where the functions Zf and Xf need to be defined. It is assumed that
these functions with four variables can be rewritten as the product of four
functions with one variable as,
P
0
f; = P
0
f;vzf;1(G) zf;2(Re) zf;3(m) zf;4(L)
P
0
f; = P
0
f;xf;1(G) xf;2(Re) xf;3(m) xf;4(L)
(5.6)
where the superscript  represents the values of P 0f; and P
0
f; at the reference
point. To find all of the above functions with one variable, curve fitting for
each case should be carried out one after the other. The output from each
function at the reference point is almost one. As discussed, there are two
categories of surfaces in the current system: those where the windage losses
are only a result of the viscous forces and those where the windage losses are
almost entirely due to the pressure forces. The details of the formulations
with respect to this classification of the surfaces are demonstrated in Tables
5.1-5.2.
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Table 5.2: Correlations to estimate the windage losses (W) due to pressure
forces.
Surface Magnet left, f = 7 Magnet right, f = 8
P
0
f; 0.02218 0.00527
xf;1 0:688G
 0:2192   0:7961  0:01947G 1:104 + 3:299
xf;2 0:1116Re
0:1866  1:633 108Re 1:806 + 1:121
xf;3  3:876m + 4:101  7:12710:56m + 1:645
xf;4 142:4L
1:703  1:708 104L3:453 + 1:733
5.2.1 Robustness of the correlations
The verification presented in the chapter 4 (section 4.3.3) show the relia-
bility of the CFD modeling used in this study. The correlations for the
windage losses have been obtained by varying one non-dimensional parame-
ter while keeping the other parameters at the reference point and repeating
this for all the other variables. Therefore, to check the robustness of the
correlations, the comparison should be made with CFD simulations for the
cases where neither G, Re, m nor L are at the reference point. Table 5.3
demonstrates these comparative studies for four different cases. It is seen
that the percentage error, Error% = jPf;CFD Pf;CorrelationPOverall;CFD j  100 is less
than 3%, which indicates the good fit of the presented correlations. The
numerator represents the difference between the estimated windage losses
on the surface, f, through CFD simulation and those predicted by proposed
correlations. Moreover, the denominator refers to the overall windage losses
through CFD simulation, which can be obtained by summing up the losses
for each surface within the machine. The values of windage losses for the
surface ”Rotor facing stator” are negative, corresponding to the case where
the flow was helping the rotary motion of the rotor disk as explained above
in Fig 5.5. According to the data in Table 5.3, the proportion of the windage
losses due to pressure forces is dominant as a whole in the AFPMSM under
investigation.
The results of the correlations for windage losses due to viscous forces
for the surfaces in the gap are also compared with the results reported by
Wrobel et al. [84] in Fig. 5.8, and an agreement with 25% average deviation
is observed. It should be mentioned that the computational domain is
slightly different from the case in this chapter as the rotor with magnets
along with the stator disk are enclosed in a box with the prescribed ambient
temperature. It can be concluded that the correlations presented in this
chapter are able to assess accurately the windage power losses for all surfaces
in the practical ranges of the important parameters in AFPMSMs.
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Figure 5.8: Comparison the results of the windage losses due to viscous forces
for surfaces in the gap region with the data reported by Wrobel et al.[84] at
G = 0:0156, L = 0:0376 and m = 0:8.
5.2.2 Windage losses at magnet surfaces
Since a great part of the windage power losses is associated with the magnet
surfaces, the surfaces ”magnet front” and a combination of ”magnet left”
and ”magnet right” are precisely investigated in this section. The surface
”magnet front” contributes to the windage losses as a result of the viscous
forces, whereas the other ones are responsible for the windage losses due to
pressure forces.
Figs. 5.9-5.10 illustrate the variations of P and P versus G for the
surfaces ”magnet front” and the sum of surfaces ”magnet left” and ”magnet
right” at various non-dimensional parameters, respectively. It is perceived
that P slightly increases with G, which can be attributed to the transition
from the narrow gap to the wide gap size (see Fig. 5.4). The same reasoning
as for P can be applied to the variation of P
0
 for the side surfaces of the
magnet, as more air is allowed to enter to the air-channel. For the wide gap
size ratio, however, the flow path is shifted away more into the air-gap as
compared to the air-channel region which slightly reduces the value of P 0
for the side surfaces of magnets, i.e., ”magnet left” and ”magnet right”. In
similar manner, the influence of the magnet angle is inferred. In fact, higher
m implies that less air enters into the air-channel, so that P
0
 declines with
increasing m. The opposite trend is observed for the variations of P .
Both P and P
0
 increase with increasing L, as and increase in the magnet
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Figure 5.9: Variations of the dimensionless viscous power, P , versus G for the
”magnet front” surface at different values of (a) magnet angle ratio, (b) magnet
thickness ratio and (c) rotational Reynolds number.
thickness results in more air passing between rotor and stator. An increase
of the rotational Reynolds number makes P and P
0
 larger, although the
latter is less affected. The effect of the rotational Reynolds number is greatly
noticeable for the windage losses due to viscous force; i.e., variations of P .
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Figure 5.10: Variations of the dimensionless pressure power, Pp, versus G for
the sum of side surfaces of the magnet (”magnet left” and ”magnet right”) at
different values of (a) magnet angle ratio, (b) magnet thickness ratio and (c)
rotational Reynolds number.
5.3 Conclusions
The windage power losses in an AFPMSM have been studied in this chapter.
3-D CFD simulations of the rotor-stator configuration with 16 magnets on
the rotor disk were carried out with the aid of the Frozen Rotor method.
The importance of the geometrical parameters of the magnets on the flow
fluid and their contribution on the overall windage losses in the machine
were analyzed.
The variations of the tangential velocity component demonstrated that
there exist two types of flow structures in the air-gap between the mag-
net and stator surface, i.e., the Couette flow for the narrow gap and the
Stewartson flow for the wide gap size ratio. Furthermore, the results of the
parametric study indicate that an increase in the Reynolds number from
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3:5  104 to 3:5  105 substantially increases the overall windage losses.
The total windage losses become more than double as the magnet thickness
ratio goes up from from 0.0270 to 0.0811. In contrast to variations of Re
and L, the total windage losses drop by 60%, when the magnet angle ratio
increases from 0.7 up to 0.9. The influence of the magnet geometrical pa-
rameters on the cooling improvement in the machine has been discussed in
the previous chapter, and these effects counterbalance the windage power
losses variations. As a result, a compromise should be made between the
cooling system and the windage power losses in the design process of the
machine.
In order to make the windage losses dimensionless, two formulations were
introduced according to the cause of the losses whether they are due to the
viscous forces or the pressure forces. Novel correlations for predicting the
windage losses for the entire machine were constructed, through the curve
fittings of the numerical data. The proposed correlations in this chapter are
useful in the design of the AFPMSMs. These correlations along with those
presented in the chapter 4 for the convective heat transfer coefficients will
be employed in a coupled thermal, electromagnetical and mechanical losses
analysis to fully optimize the performance of the machine.

6
Influence of curved-shape magnets on
the performance of an AFPMSM
As mentioned in Chapter 4, the rotor disk with the magnets on it in an
AFPMSM could act as radial air-channels to the circulation of the cooling
flow. This matter becomes even more significant in the YASA topology as
it consists of two rotor disks. In order to take full advantage of this effect,
the influence of the curved-shape magnets instead of the conventional PMs
with trapezoidal shape on the cooling flow characteristics are studied in this
chapter. Within this context, only a few studies have been carried out in
the literature. As an example, Fawzal et al. [142] performed a compara-
tive study of different fan blade designs of the rotor disk for the cooling of
AFPMSM through CFD simulations along with the experimental analysis.
They indicated that while the backward-inclined design is appropriate for
the windage losses, the radial design results in the better thermal perfor-
mance with a cost of greater value of windage losses.
In this chapter, several arbitrary pairs of the rotor disk with their re-
spective curved-shape magnets are considered as the case-study. CFD simu-
lations are performed to discover the thermal performance and the windage
power losses variations. A conjugate heat transfer calculation is performed
to estimate the steady state surface temperature of the rotor and the stator
in the full load of the machine. Furthermore, an experimental analysis is
conducted by manufacturing various dummy rotor disks having the same
curved-shape magnets as used in the CFD modeling. The purpose of the
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conjugate heat transfer calculation here is not to predict the exact temper-
atures of the disks, but to implement the comparative study to figure out
the influence of the curved-shape magnets on the cooling performance of
the machine. The results reveal that a careful choice of the angles of the
curved-shaped PMs could enhance the machine performance.
6.1 Problem description
Fig. 6.1 schematically displays the rotor-stator configuration in the YASA
topology of an AFPMSM. As mentioned earlier, the YASA topology is made
of two rotor disks surrounding the stator with very tiny air-gaps. The
geometrical characteristics of the machine are listed in Table 6.1. For the
sake of cooling effectiveness, there is an annular opening in the rotor disk as
indicated in chapter 4. Trapezoidal magnets, forming the radial channels,
are typically used in the AFPMSMs. In this research, however, curved-
shape magnets are being considered (see Fig. 6.1). It should be noted that
the actual geometry was unknown when studying the radial channel.
Curved-shape magnet
annular opening
(b)
Rotor Stator
air-gap
(a)
Figure 6.1: (a) The schematic diagram of the YASA type of the AFPMSM (b)
Rotor disk with curved-shape magnets.
Fig. 6.2 gives the geometrical details of one complete curved-shape mag-
net (front view). The curvature type on the both sides of the magnets is a
parabola which is defined by three points: 1) the inner vertex of the magnet
(the same as when the trapezoidal magnet is used), 2) the shoulder of the
arc, defined by 1, 3) the tip vertex of the magnet, given by 2. The magnet
angle () is kept constant at 18 along the radial direction.
Five cases are being considered in this work including
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Table 6.1: The geometrical features of the AFPMSM under study.
Parameter value (mm)
Air-gap thickness 1.0
Magnet thickness 4.0
Axial length of Rotor 8.0
Axial length of Stator 60
Radial length of Magnet 24
Shaft diameter 50
Outer radius of Rotor 74
Outer radius of Stator 84
Inner radius of Opening 30
Outer radius of Opening 45
R
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Figure 6.2: The detailed front-view of the curved-shape magnet (0 < 1, 0 < 2)
(The rotation direction is counter-clockwise.).
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Figure 6.3: The schematic of the rotor disks with their distinct magnet shapes.
(The rotation direction is counter-clockwise.)
• Case 1: trapezoidal magnet (1 = 2 = 0) with (1 = 2 = 0)
• Case 2: (1 = 2, 2 = 6) with (1 = 100:19, 2 = 110:20)
• Case 3: (1 =  2, 2 =  6) with (1 = 79:81, 2 = 69:98)
• Case 4: (1 =  2:5, 2 = 2:5) with (1 = 69:10, 2 = 122:67)
• Case 5: (1 = 2:5, 2 =  2:5)with (1 = 110:90, 2 = 57:33)
The rotation direction in Fig. 6.3 is counter-clockwise. The correspond-
ing blade angles in turbomachinery are also indicated, where 1 is the angle
made by the magnet at inlet, with the tangent to the inlet radius, and 2
represents the magnet angle with the tangent at outlet of the air-channel.
The graphical illustrations of these rotor disks with their distinct shape of
the magnets are shown in Fig. 6.3. In the experiment, for cases 3 & 5, the
same disks are used as for the cases 2 & 4, but the rotor is rotated clockwise.
6.2 Experimental Set-up
An AFPMSM prototype, shown in Fig. 6.4, is manufactured to evaluate
the thermal performance of the machine. The main characteristics of this
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Table 6.2: The characteristics of the machine used in the test set-up.
Parameter Value Unit
Rated Power 4.0 kW
Rated Speed 2000 rpm
Rated frequency 333.3 Hz
Rated Torque 19 N.m
Number of Magnets 16 -
Number of stator slots 15 -
axial length slot 60 mm
Slot width 12 mm
test set-up are listed in Table 6.2. Note that it has the same geometrical
features as in the CFD modeling (see Table 6.1). This prototype is used as a
generator. It is powered by an induction machine, and the rotational speed
is controlled by an industrial inverter. This experimental study has been
performed at the laboratory by colleagues within the scope of a common
project [5, 14].
The body of the rotor disk is also made of aluminium. On the stator
side, the heat is generated by Joule losses. At full load of the machine,
about 100 W power loss is present in the entire stator. The experiments are
conducted at rotational speeds of 1000 and 2000 rpm. Temperature sensors
are inserted in the test set-up to measure the temperature at different parts
of the machine. An infrared temperature sensor ZTP-135SR is used to
measure the rotor temperature. To record the stator winding temperature,
a PT100 platinum resistance thermometer is placed inside it. The room
temperature of the laboratory where the measurement carried out is around
25C. In order to ensure that the machine has reached the thermal steady
state condition, the temperatures are monitored with time. Typically, a
steady state temperature was reached after 2.5 hours of running time.
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(a)
(b)
Figure 6.4: (a) Experimental set-up (b) close-up of the prototype.
6.3 CFD simulations
The objective of the presented numerical modeling is to predict the rotor
and stator temperatures with various curved-shape magnets in the working
conditions of the AFPMSM. The magnets on the rotor disks are evenly dis-
tributed so that the channels being made between the successive magnets
occupy equal volumes. Due to the geometrical periodicity, the computa-
tional domain contains 1/16 of the rotor-stator arrangement. In addition
to this, only half of the stator with one rotor disk is considered while using
a symmetry plane in the middle of the stator.
The generations of the 3-D computational grid and the CFD simulations
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Figure 6.5: The rotor disks with dummy magnets used in the experiment.
are carried out by Ansys FLUENT software. E.g. for case 2, the structured
computational mesh contains more than 3,800,000 cells. The distance of
the first node to the solid wall of the rotor is chosen in a way that the value
of y+ is kept below unity. Furthermore, a mesh independency study has
successfully been performed.
The computational domain for this numerical simulation looks like the
one presented in Fig. 4.3 with the exception that the solids parts such as the
rotor and the stator are also included. The atmospheric pressure boundary
is placed far away from the rotor. The stator is assumed to be made of cop-
per, having the same properties as the winding. Therefore, it is expected
that the rotor and the stator will achieve uniform temperatures due to their
high thermal conductivities. A comparative study of different curved-shape
magnets is presented. The focus of this work is to discover the contribu-
tion of the curved-shape magnets on the heat dissipation from the machine
through convection heat transfer. Thus, the conduction heat transfers to-
wards the shaft and through the support of the stator are not taken into
account in the numerical modeling.
The losses in the machine are introduced in the thermal model as vol-
umetric heat sources in the solid parts. Conjugate heat transfer (CHT)
calculations are performed, as the flow and heat transfer of the cooling air
should be solved at the same time with the energy equation in the solid
domain. As a matter of fact, the governing equations in each of the fluid
and the solid regions are solved iteratively. The fluid/solid interfaces are
employed to couple the energy equations between the fluid and solid domain
to ensure the continuity of temperature and the conservation of energy. The
objective is to find out the steady state temperatures in the rotor and the
stator. This allows obtaining the temperatures in the rotor and the stator
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for a given heat generation rate, instead of needing to impose temperatures
on isothermal surfaces.
The same numerical modeling approach presented in Chapter 4 is used
here. The steady state governing continuity, momentum and energy equa-
tions for the fluid domain will be as follows,
r:(f !vr) = 0 (6.1)
r: (f !vr 
 !v ) + f ( !
  !v ) =  rp+ (+ t)r2 !v (6.2)
r:

f
 !vrhf + p( !
  !r )

= r: ((kf + kt)rT ) (6.3)
In the above,  !vr is the relative velocity with respect to the rotating frame,  !v
is the absolute velocity in the stationary frame,  !
 represents the rotational
velocity vector of the rotating domain, f indicates the air density, hf is
the specific enthalpy of air,  is molecular viscosity and t is the turbulent
viscosity, kf is air thermal conductivity and kt denotes the turbulent thermal
conductivity. The turbulent properties are computed from the k   ! SST
turbulence model.
Inside the solid region, the energy equation is written as,
r: (ksrT ) + Sh = 0 (6.4)
where Sh represents the volumetric heat source, and ks is thermal conduc-
tivity of the solid parts. It is assumed that the thermal conductivities of the
machine parts comprising the rotor, the magnet and the stator are uniform,
isotropic and constant with temperature.
6.4 Results and discussion
In this section, the consequences of using curved-shape magnets on the
thermal efficiency and the windage losses are elaborately discussed.
6.4.1 Thermal performance
As far as AFPMSMs are concerned, the thermal modeling is always the
main design issue, due to the compact structure of the machine. The at-
tention here goes to the influence of the curved-shape magnets on the flow
structure of the cooling air and how this affects the thermal performance of
the machine.
6.4.1.1 Cooling air characteristics
A good way of improving the efficiency of the cooling system is to induce
flow from the surrounding cooler air into the motor. It was shown in Chapter
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4 that the more surrounding air is directed towards the channels between
the consecutive magnets and the air-gap region, the more cooling can be
achieved. Given the critical role of these areas, the results of the flow
structure and heat transfer for different curved-shape magnets are compared
with each other.
Figure 6.6: Radial velocity contours in the air-channel for various curved-shape
magnets at ! = 1000 rpm. (The rotation direction is counter-clockwise.)
Fig. 6.6 elucidates the contour of the radial velocity in the air-channel
for several curved-shape magnets at rotational speed of 1000 rpm when the
direction of the rotation is counter-clockwise. It is observed that the use of
the rotor disk case 5 (1 = 2:5; 2 =  2:5) results in the strongest radial
outflow at the periphery of the air-channel, whereas the application of the
case 4 (1 =  2:5; 2 = 2:5) leads to the weakest airflow directed in the
space between the magnets.
To gain more detailed insight about the flow field, Table 6.3 provides
the data for the incoming mass flow rate of the cooling air to the machine
passing through the annular opening with different curved-shape magnets.
It is found that the case 5 (1 = 2:5; 2 =  2:5) gives rise to the highest
mass flow rate of the cooling air for both rotational speeds of 1000 and
2000 rpm. These findings support the results observed in the radial velocity
contour alongside the air-channel. From this Table, it is also seen that the
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trapezoidal magnets are the second best. Therefore, it can be concluded that
having the curved-shape magnet does not necessarily enhance the amount
of the cooling air entering to the AFPMSM as compared to the trapezoidal
magnets, and it is the shape of the curvature that plays the essential role.
Table 6.3: Mass flow rate (kg/s) passing through the annular opening for various
curved-shape magnets and rotational speeds.
different curved-shape magnets
Rotational speed (rpm) (1 = 2 = 0) (1 = 2; 2 = 6) (1 =  2; 2 =  6) (1 =  2:5; 2 = 2:5) (1 = 2:5; 2 =  2:5)
1000 0.00116 0.00111 0.00102 0.00095 0.00118
2000 0.00282 0.00265 0.00250 0.00223 0.00297
Figure 6.7: Temperature contours in the air-channel for various curved-shape
magnets at ! = 1000 rpm. (The rotation direction is counter-clockwise.)
Besides the effects of the curved-magnet on the flow structure, the trends
for the air temperature distribution are equally important. Fig. 6.7 illus-
trates the temperature contours in the air-channel between the magnets
when each of the five disks is utilized. The use of the curved-shape magnets
with (1 = 2:5; 2 =  2:5) leads to coldest air in this region as compared
to other rotor disks examined here. By contrast, the curved-shape magnet
with (1 =  2:5; 2 = 2:5) brings about the highest air temperature in the
air-channel. The lower air temperature represents the effectiveness of the
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corresponding rotor disk in the heat losses evacuation.
6.4.1.2 Temperature development in rotor and stator
The measured values of the steady state temperatures of the rotor disk and
the stator, together with the CFD modeling results, are used to evaluate the
effectiveness of the curved-shape magnets in the full load of the prototype.
Fig. 6.8 demonstrates the temperatures of the rotor and the stator from
CFD modeling and the measurement data at the rotational speeds of 1000
and 2000 rpm. The results of CFD simulations for the rotor temperature
agree well with the experimental data at 1000 rpm. It is found that the use
of the rotor disk with the curved-shape magnet of (1 = 2:5; 2 =  2:5) leads
to the lowest temperature of the rotor, i.e., about 33.3C at 1000 rpm, even
though the temperature reduction is not very remarkable. The difference
between the maximum temperature of the rotor disk with (1 = 2:5; 2 =
 2:5) and the minimum temperature achieved by the curved-shape magnet
of (1 =  2:5; 2 = 2:5) is less than 3C according to the measured data
at the rotational speed of 1000 rpm. This difference becomes even smaller
once the rotational speed reaches 2000 rpm.
From the experimental data, due to an increase in the rotational speed
from 1000 to 2000 rpm, the stator winding temperature drops from 56C
to about 48C when the trapezoidal magnets (1 = 2 = 0) are used. The
CFD results over-predict this temperature drop in the stator winding, e.g.,
around 20C for trapezoidal magnets. Note that the same amount of heat
losses in the stator is present in the CFD model and the experiment. While
in the numerical model the heat losses are evacuated to the surrounding only
by means of convection, the conduction heat transfer towards the support,
along with the convention to air, is considered in the heat exchanges in the
experiment. As a results, the impact of the conduction heat transfer, which
is excluded in the CFD simulation, has to be compensated with the greater
calculation of the temperature drop in the stator as well as in the rotor.
Similar to the results for the temperature of the rotor disk, it can be
deduced from both the numerical and the experimental results that the use
of the rotor disk with the curved-shape magnet of (1 = 2:5; 2 =  2:5)
brings about the lowest stator winding temperature (about 47C at 2000
rpm) as compared to other magnets examined in this work.
In order to evaluate the conduction heat transfer away from the stator
surfaces, the convection heat transfer rates given by the proposed correla-
tions in Tables 4.3-4.4 in Chapter 4 are subtracted from the total heat losses
in the stator. To do so, the steady state temperatures of the rotor and the
stator from the experiment are introduced to the correlations. The results
for rotational speed of 1000 and 2000 rpm are presented in Table 6.4.
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Figure 6.8: Comparison between the results of CFD simulations and the experi-
mental data according to various curved-shape magnets (a) rotor temperature (b)
stator temperature.
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The total heat loss for the half of the stator is 50 W. From Table 6.4,
the conduction heat transfer away from stator surfaces can be given by
subtracting these data from total heat losses. It is seen that with an increase
in the rotational speed from 1000 to 2000 rpm the conduction heat transfer
from the stator will decrease about 8.5 W, and this has to be evacuated
mainly through convection.
Table 6.4: The convective heat transfer rates (W) for the stator surfaces (half
of the machine).
Surface: Rotational speed (rpm)1000 2000
Stator gap upper 18.5 23.7
Stator gap lower 7.0 7.8
Stator sidewall 6.3 8.8
Overall stator surfaces 31.8 40.3
In an alternative way, the conduction heat transfer towards the support,
which is made of four connecting rods, can be calculated. These rods in
the support resembles to the fins with uniform circular cross-sectional area.
The base temperature of the fin equals to the stator surface temperature,
i.e., T (0) = Tstator and the tip temperature of the fin corresponds to the
ambient temperature T (L) = T1. The conduction heat transfer in each
of the connecting rod is evaluated from the following expression [Incropera
[143]],
qc = M
sinhmL
coshmL (6.5)
In the above equation, m =
q
hP
kAc
and M = phPkAc(Tstator   T1),
Ac is the cross section area of the fin, P is the fin perimeter, h is the
natural convection coefficient, which can be obtained from the equation
recommended by Churchill and Chu [144],
h =
"
0:60 +
0:387Ra
1/6
D
1 + (0:559/Pr)9/16
8/27
#2
k/D (6.6)
where RaD is the Rayleigh number based on the fin diameter. Given the
dimension of the connecting rod (D=0.06 m & L=0.31 m) and the stator
temperatures from the experiments, it is found that there is a decrease of 6
W in the conduction heat transfer in the rods (from 21 to 15 W), when the
rotational speed increases from 1000 to 2000 rpm. Therefore, the analysis
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presented in Table 6.4 over-predicts the decrease in the conduction away
from stator disk with the percentage error of about 5 % (scaling with the
overall heat generation in the stator).
6.4.2 Windage losses evaluation
Another issue that can be affected by the curved-shape magnets is the
windage power loss. The total windage losses are evaluated by accumulat-
ing the power associated with the aerodynamic forces (viscous or pressure)
against rotary parts of the machine. It was shown in Chapter 5 that mainly
pressure forces are responsible for the windage losses for the side surfaces
in the air-channel, whereas for the surfaces facing the stator surface in the
gap, obviously only viscous forces contribute to the windage losses.
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Figure 6.9: The overall windage losses in the AFPMSM for various curved-shape
magnets at different rotational speeds.
Fig. 6.9 discloses the effect of the curved-shape magnets on the overall
windage losses in the machine at different rotational speeds, based on the
results of the CFD simulations. The lowest values of the windage losses can
be achieved by using the curved-shape magnet with (1 =  2:5; 2 = 2:5).
This trend is very noticeable at the higher rotational speed, e.g., at 4000
rpm. Furthermore, the forward curved rotors (Case 3 & Case 5) result in
greater windage power losses as compared to the backward curved rotors
(Case 2 & Case 4), which is quite expected from the turbomachinery point
of view [145]. This tendency could be attributed to the stronger radial flow
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by using forward curved rotor disk, shown in Fig. 6.6.
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6.5 Conclusions
This chapter dealt with the effect of the curved-shape magnets at the ro-
tor disk on the performance of the YASA topology of the AFPMSM. Five
pairs of rotor disks with their distinct dummy magnets were considered as
the case-study. Given the heat losses as the input to the thermal model,
conjugate heat transfer calculations were implemented to assess the steady
state temperature of the rotor and stator. Moreover, CFD simulations were
used to evaluate the overall power requirements to spin the rotor disk, i.e.,
the windage power losses. An experimental analysis was also undertaken
by manufacturing the same rotor disks with the curved-shape magnets as
in the numerical thermal modeling.
The results revealed that the strongest radial outflow at the periphery of
the air-channel with the coldest air in this region is achieved for the curved-
shape magnet with (1 = 2:5; 2 =  2:5). It was also shown that to attain
the lowest windage losses the curved-shape magnet with (1 =  2:5; 2 =
2:5) could be the best choice among the other magnets tested here. From
the CFD results, an increase in rotational speed of the rotor from 1000 to
4000 rpm results in the windage losses increase from 0.08 to 5.8 W.
The steady state temperature of the rotor and stator were measured
and calculated for the various curved-shape magnets at different rotational
speeds. The measurement data indicated that there is about 8C tempera-
ture reduction in the stator winding for the trapezoidal magnets when the
rotational speed goes up from 1000 to 2000 rpm. The CFD results over-
predicted this temperature drop (about 20C) as the heat generated in the
stator disk was assumed to be evacuated through convection to the sur-
rounding and the effect of the conduction heat transfer towards the support
has compensated in this way.
From both the CFD results and the experimental data, it was demon-
strated that the use of the rotor disk with the curved-shape magnets (1 =
2:5; 2 =  2:5) results in the lowest temperature on the rotor and stator.
However, the temperature differences between the best choice of the rotor
disk with the worst one is not very remarkable, e.g. only about 3C in the
stator temperature at 2000 rpm.
In short, defining an optimal shape of the curved-shape magnet at the
rotor disk represents a trade-off problem that should be solved by finding
the compromise between the thermal performance and the windage losses.
For the application presented here, the case of the curve-shape magnet with
(1 = 2:5; 2 =  2:5) is recommended for the cooling purposes, whereas the
choice of (1 =  2:5; 2 = 2:5) is advantageous in the windage power losses
point of view.


7
Concluding Remarks
7.1 Conclusions
The convective heat transfer in an axial flux permanent magnet synchronous
machine (AFPMSM) was considered in this work. Among the different
topologies of this type of electrical machine, a yokeless and segmented ar-
mature (YASA) topology was taken into account, as it possesses an excellent
power density and energy efficiency. The YASA machines have extensive
flexibility not only at high-speed-low-torque but also at low-speed-high-
torque applications. The former is typical for wind turbine applications
as the major source of clean and sustainable energy supply. In this regard,
any improvement in the performance of the AFPMSMs can make a great
impact on the wind turbine industry. For further development of such a
machine, the fundamental understanding of contributors to the losses are
absolutely essential. While the electromagnetic aspects of the machine have
been well addressed in the literature, the thermal modeling of the AFPMSM
is still debatable. For instance, the lack of fast and robust formulations to
predict convective heat transfer coefficients in such machines is evident. As
a result, the objective of this thesis was to numerically investigate the cool-
ing flow characteristics in the machine. To that purpose, this research was
divided into three main parts as follows,
• Convective heat transfer in the simple discoidal system
• Flow and heat transfer in the rotor-stator configuration of the AF-
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PMSMs
• Effect of the curved-shape magnets on the cooling flow features of the
AFPMSMs
After presenting the general goals in Chapter 1, this thesis was proceeded
with an elaborate literature study in Chapter 2 regarding the thermal as-
pects of the disk-type electrical machine in particular AFPMSMs. From
the overview of the preceding studies, it was shown that the air-gap convec-
tion can greatly attribute to the heat losses evacuation in these machines.
For convenience, most authors have used the ambient temperature as the
reference temperature to calculate the convective heat transfer coefficients
in air-gap of the rotor-stator systems, which has a serious drawback [132–
136, 107]. In fact, their proposed correlations become dependent on the
ambient temperature and the surface temperatures, making their applica-
tions limited to that certain case. To resolve this issue, different approaches
were considered in this thesis.
The first step in this research was towards the understanding the heat
transfer and flow structure in a rotor-stator system enclosed in a cylindri-
cal cover, representing a simplified discoidal system in a disk-type electrical
machine. To that end, CFD simulations were performed in the range of
rotational Reynolds number 4:19 104  Re  4:19 105 and the gap size
ratio 0:00333  G  0:08. The results of this parametric study demon-
strated that the average stator heat transfer in the gap could improve at
the narrow air-gap size. It was concluded that there is a gap size ratio for
a given Reynolds number for which the average convective heat transfer on
the stator surface in the gap reaches a minimum. Furthermore, the presence
of the holes at the rotor disk was found to be advantageous to the stator
heat transfer in the gap region as air is allowed to enter into the air-gap
through the holes, resulting in a net radial flow in between the rotor and
stator.
An innovative approach to formulate the convective heat transfer coef-
ficients in this discoidal configuration was presented in Chapter 3, based on
the CFD results. In the context of the appropriate choice for the reference
temperature, the average bulk fluid temperature adjacent to the correspond-
ing surface was used instead of the ambient temperature. By doing so, the
proposed correlations for the convective heat transfer coefficient for the sur-
faces in the gap would be independent of the ambient temperature as well as
the surface temperature. Given the physical and the geometrical parameters
such as the disk diameter, the air-gap size, the rotational speed of the rotor
along with the surface temperatures as the input to the thermal model, the
proposed correlations could accurately yield the convective heat transfer
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rate for all the surfaces within the system. A comparison was also made
with available data in the literature and good agreement was found. Fur-
thermore, these correlations were successfully applied in a coupled thermal
and electromagnetic analysis in an AFPMSM [14].
In Chapter 4, the flow and heat transfer in the rotor-stator configuration
of the YASA topology AFPMSM were investigated, considering the presence
of trapezoidal magnets. The case-study here was composed of an open
rotor-stator with sixteen magnets at the periphery of the rotor with an
annular opening in the entire disk. In addition to the rotational Reynolds
number and the gap size ratio, it was found that two more non-dimensional
numbers, the magnet angle ratio and magnet thickness ratio, contribute to
the overall heat transfer and flow structure in this system. CFD simulations
by means of the Frozen Rotor (FR) concept were carried out in the practical
dimensionless ranges of these geometrical parameters. The magnets on the
rotor could act as radial channels by conducting the flow in between the
space being made between the magnets and also into the gap region, so that
it would facilitate the cooling of the machine. The existence of the annular
opening was demonstrated to be also effective for the cooling purpose. The
results revealed that an increase in the Reynolds number and the magnet
thickness ratio could tremendously enhance the evacuation of heat losses
from the machine, whereas there was a sharp decline in the overall heat
transfer, e.g. a drop of 40% in the stator surfaces heat transfer, as the
magnet angle ratio goes up from 0.7 to 0.9. On the other hand, there was a
gap size ratio, for a given Re, m and L, at which the stator heat transfer
in the gap reached a peak.
Another objective of Chapter 4 was to construct the parametrized for-
mulations for the convective heat transfer coefficients according to the afore-
mentioned non-dimensional parameters. It was no longer a good choice to
consider the average bulk fluid as the reference temperature to estimate
the heat transfer coefficient when the magnets appeared on the rotor disk.
To tackle this issue, a minimization method by means of a Pattern-Search
algorithm was developed to find the proper value of the reference tempera-
ture. In this way, the estimated convective heat transfer coefficient became
approximately independent of the surface temperatures. It was concluded
that the proposed thermal model is a sophisticated and quite versatile tool
in the thermal modeling of an AFPMSM. These correlations are exploited
in the coupled thermal and electromagnetic analysis to fulfill the complete
design optimization of the machine [5].
The study in Chapter 5 focused on assessing the windage power losses
in an AFPMSM using the numerical modeling presented in Chapter 4. The
variations of the tangential velocity component showed that there exist two
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types of flow structures in the air-gap between the magnet and stator sur-
face, that is, the Couette flow for the narrow gap and the Stewartson flow
for the wide gap size ratio. It was found that the total windage losses be-
comes more than double as the magnet thickness ratio goes up from 0.0270
to 0.0811. By contrast, the losses decrease by 60% as the magnet angle
ratio increases from 0.7 up to 0.9. From these trends, one may discover
that the effect of the magnet geometrical parameters on the cooling system
counterbalances the windage power losses variations. As a consequence,
the compromise should be made between the cooling performance and the
windage power losses together with the electromagnetic performance in the
design of the AFPMSM.
As for the derivation of the correlations for the convective heat trans-
fer coefficients, the goal was to have fast and robust formulations for the
windage power losses in the machine. To this end, two formulations were
introduced to make the windage losses dimensionless according to whether
the losses are due to the viscous forces or the pressure forces. It was de-
duced that the pressure forces are responsible for the windage losses for the
side surfaces in the air-channel, whereas for the surfaces facing the stator
surface in the gap, only the viscous forces contribute to the windage losses.
Novel correlations for predicting the windage losses for the entire machine
were constructed by curve fitting the CFD results. The proposed correla-
tions in this chapter, together with those presented in the chapter 4 for the
convective heat transfer coefficients, could pave the way for the full coupled
optimization of this type of electrical machine.
The focus of Chapter 6 was on the effect of curved-shape magnets on
the performance of the YASA type AFPMSM. The cooling performance
is improved with better, aerodynamically designed shapes of the magnets.
The case-study in this Chapter considered five pairs of rotor disk with their
distinct curved-shape magnets. Conjugate heat transfer calculations were
carried out to assess the steady state temperatures of the rotor and the
stator according to various curved-shape magnets. Additionally, the over-
all windage power losses were estimated for these cases. An experimental
analysis was undertaken by manufacturing the same rotor disks with the
curved-shape magnets as used in the CFD modeling. The measured data
demonstrated that stator temperature decreases from 56.2 to 48.7C with
an increase in the rotational speed increases from 1000 to 2000 rpm by using
the trapezoidal magnets. It was concluded that the thermal performance
of the machine could be enhanced by using the curved-shape magnet with
(1 = 2:5; 2 =  2:5), although this rotor disk has larger windage losses as
compared to other magnets studied in this research.
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7.2 Suggestions for future work
In this thesis, some important aspects in the thermal modeling of AFPMSMs
have been highlighted. The results presented here shed light on possible
future work as well as possibilities for further improvement of advanced
design codes for such devices.
First of all, future research on the accurate prediction of the transition
from laminar to turbulent flow is necessary in the modeling of the rotor-
stator system. Future exploration on using CFD transition modelling in this
geometry is inevitable. Currently, a RANS method was used to handle tur-
bulent flow. The LES method could also be applied to gain the fundamental
insight to the flow field, although it is computationally intensive.
The influence of the surface roughness on the heat transfer and flow
model was not included in this work. It would be interesting to investigate
this in the wall modeling of the CFD simulations. The full computational
model of the stator was considered as a cylinder which is made of copper
with a uniform thermal conductivity. This deserves further research in
terms of the non-uniform conductivities for the stator slot and end winding
in the conjugate heat transfer calculations. Moreover, the conduction heat
transfer towards the shaft would be an interesting area for further work.
This study did not cover the radiation heat transfer because of the rela-
tively low temperature of the machine. There is significant scope for further
investigation on the applications where radiation heat transfer in the rotor-
stator arrangement has to be considered.
The proposed correlations for the convective heat transfer in the machine
were given for the machine with 16 magnet poles. An interesting area of
investigation is to develop the model in such a way that it accounts for the
variable number of the magnets.
It will also be a good research topic to study water cooling for this
prototype and calculate the temperature of the machine components and
compare it with the results of this work.
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